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INTRODUCTION 

The  use  of  bitumen-aggregate  mixtures  as  overlays  on  aging  port- 
land-cement  concrete  pavements  has,  in  the  past  ten  /ears,  become  an 
item  of  major  importance  in  the  highway  programs  of  many  states.   These 
overlays,  intended  to  extend  the  useful  life  of  a  pavement,  must  pro- 
vide all  of  the  malities  for  a  riding  surface  that  safety,  economy 
and  the  American  public  demand.   The  overlays  must  cover-up  the  faults 
of  the  old  pavements  and  must  be  slow  to  develop  faults  of  their  own 
in  order  to  justify  their  use. 

Bitumen-aggregate  overlays  may  be  of  several  types;  in  fact  almost 
any  one  of  the  whole  range  of  mixtures  possible  with  the  variety  of 
bituminous  materials  available  for  use  with  different  aggregates  and 
aggregate  gradings  could  be  used  for  resurfacing  purposes.  However, 
this  study  is  primarily  concerned  with  bituminous-concrete  overla 
More  specifically,  the  study  deals  with  asphalt ic  concrete  made  with 
60-70  penetration  rrade  asphalt  cement  and  of  an  aggregate  gradation 
and  asphalt  content  that  is  commonly  used  by  the  State  Highway  Depart- 
ment of  Indiana. 

The  bituminous-concrete  overlay  most  used  in  Indiana  is  composed 
of  two  layerst  (a)  a  binder  or  leveling  course  which  has  a  maximum 

.-egate  size  of  j/4  inch  to  one  inch,  65  percent,  coarse  aggregate 
(material  retained  on  the  No.  6  sieve),  35  percent  fine  aggregate 
essentially  none  of  which  passes  the  No.  200  sieve,  and  usually  con- 
tains Z..5  to  5.5  percent  asphalt  by  weight  of  the  mixture,  and  (b) 
a  surface  course  which  has  a  maximum  aggregate  size  of  1/2  inch, 
about  50  percent  coarse  aggregate  (material  retained  on  the  ho.    6 


2 
sieve),  50  percent  fine  aggregate  with  about  three  percent  of  this 
passing  the  No.  200  sieve,  and  usually  contains  6.0  to  7.0  percent 
asphalt  by  weight  of  the  mixture.   The  thickness  to  which  each  of 
these  courses  is  laid  is  variable  depending  upon  the  condition  of  the 
road  to  be  resurfaced,  the  expected  traffic  intensity  and  perhaps 
other  factors,  but  a  total  thickness  of  2  1/2  inches  being  composed 
of  1  1/2  inches  of  binder  and  one  inch  of  surface  is  not  uncommon. 

A  primary  consideration  in  the  use  of  the  mixtures  described  above 
is  stability,  the  name  given  to  that  property  of  the  material  which 
permits  it  to  carry  the  loads  imposed  upon  it  in  service  without  dis- 
rupting to  a  point  where  the  mixture  no  longer  can  fulfill  its  function. 
V.uch   effort  has  been  expended,  first,  to  determine  realistically  the 
stability  requirements  of  a  bituminous-concrete  overlay  and,  second, 
to  develop  a  method  for  measuring  this  stability  in  the  laboratory  so 
that  a  mixture  might  be  designed  on  a  sound  basis.   A  considerable 
amount  of  work  has  been  done  at  Purdue  University  dealing  with  mixture 
evaluation  by  the  conventional  methods  such  as  Marshall  tests  and  un- 
confined  and  confined  compression  tests.   It  has  been  found  that  the 
type  bituminous  concrete  used  by  the  State  Highway  Department  of 
Indiana  generally  meets  the  stability  requirements  of  these  tests. 
However,  the  performance  of  certain  of  the  mixtures  in  some  road 
locations  has  been  unsatisfactory,  thus  indicating  that  the  conven- 
tional laboratory  tests  are  not  adeouate  to  measure  stability  in  the 
complete  serine  of  the  word. 
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Rutting  in  pituninnus  Concrete  Overlay s 
The  evidence  of  lack  of  stability  in  some  bituminous-concrete 
overlays  of  the  type  described  is  the  development  of  ruts  in  the  over- 
lay in  the  wheel  track  areas.   ["his  rutting,  first  investigated  in 
the  field  in  late  1953,  was  found  to  be  present  to  some  extent  in 
every  overlay  inspected.   However,  it  was  present  to  an  extent  that 
could  definitely  be  judred  to  be  objectionable  in  relatively  few  areas 
each  of  which  was  subjected  to  much  heavy,  relatively  slowly  moving 
traffic.   The  condition  was  found  to  be  the  most  severe  at  signalized 
intersections  where  the  pavement  and  the  overlay  were  subjected  to 
stresses  from  braking  traffic  and  to  static  loads.   An  example  of  this 
may  be  seen  in  Figure  1. 

Figure  1  shows  a  view  looking  west  at  the  west-bound  lanes  of 
U.  3.  12  and  20  near  its  intersection  with  7th  Avenue  just  east  of 
Gary,  Indiana.   The  picture  was  taken  in  November,  1953,  at  which  time 
the  bituminous-concrete  overlay  was  three  years  old.   The  fact  that 
the  mixture  had  been  subject  to  tlastic  movement  seems  evident  from 
the  shape  of  the  pavement  edge.   In  Figure  2   which  was  taken  of  the 
inside  wheel  track  near  the  intersection,  one  can  see  that  the  magni- 
tude of  the  rutting  is  of  the  order  of  0.1  feet. 

Cores  taken  at  this  location,  both  in  the  wheel  tracks  and  be- 
tween the  wheel  tracks,  were  found  to  be  approximately  one  inch 
different  in  height,  the  wheel-track  core  being  the  shorter.   Figure  3 
shows  a  pair  of  these  cores  taken  at  the  intersection.   As  one  pro- 
ceeded back  from  the  intersection,  the  rutting  became  less  severe 
and  the  difference  in  height  between  the  wheel  track  and  non-wheel 
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FIG*  2       RUTTING  IN  INSIDE  WHEEI^TRACK 
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FIGURE  3  HEIGHT  DIFFERENCES  IN  CORES 
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track  cores  was  less  also. 

Other  locations  in  the  State  showed  similar  results.   At  one  loca- 
tion on  U.  S.  kO   just  west  of  Indianapolis,  a  trench  was  cut  for  the 
full  depth  of  the  resurfacing  across  Wo  of  four  l^nes  of  pavement. 
One  very  startling  result  was  to  find  that  the  overlay  had  spread  out 
in  a  transverse  direction.   That  is,  while  the  overlay  was  placed  even 
with  or  just  slightly  beyond  the  edge  o:  the  underlying  concrete,  it 
was  found  at  the  time  of  sam;  u   to  extend  some  six  inches  beyond  the 
edge  of  the  concrete.   Also,  an  examination  of  the  sawed  face  showed 
that  both  the  binder  and  surface  layers  were  distorted  in  the  wheel 
track  areas. 

i  1  -are  U  shows  a  view  :'  sne  of  the  two  trenches  cut  in  the  re- 
surfacinj  n  .....  west  cf  Indianapolis.  The  it  listortion 
can  be  see;.  tne  cut  r^ce   cf  the  trench  and  from  the  water 

on  the  pavemc:*    ich  has  ponded  In  the  ruts  in  the  wheel  track  areas. 
The  trench  which  is  shown  in  Figure  L   was  cut  approximately  750  feet 
bick  from  the  nearest  intersection.   Another  trench  cut  at  an  inter- 
section showed  more  distortion  in  the  resurfacing  t;  an  tl   case 
illustrate  . 

In  .  :  sport  to  the  Advisory       f  t   Joint  H       i  search 

Froji  c  .  Purdue  Un       r,   dated  March  17,  1955,   •  i  •    •  * -'  and  this 

writer  s1  ited  the  following  ; 

le  following  information  concerning  AH  hinder 
and  AH  Type  E  surface  has  been  collected  as  a  result 
of  field  -     boi  ttorj  studies, 

a.  This  type  of  resurfacing,  when  constructed 
with  .  .  .  .  7  percent  isphalt  in  the  sur- 
face and  5.5  percent  asphalt  in  the  binder, 
is  plastic  enc  i  ..  '   iisplace  under  repeated, 
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FIGo  4   TRENCH  CUT  IN  BITUMINOUS  OVERLAY 


heavy,  slowly-moving  loads.  Depending 
upon  the  severity  of  the  exposure,  the 
ruts  may  become  objectionable.   The 
locations  in  urban  areas  that  have  been 
observed  where  this  condition  obtains 
have  developed  objectionable  ruts, 

b.  The  magnitude  of  the  rutting  is  such  that 
densification  of  the  mix  can  account  for 
only  a  very  small  portion  of  the  total 
displacement.   Tests  have  shown  r-h..t  the 
mixture  in  areas  of  severe  rutting  is 

<  uite  dense  but  that  this  densification 
is  over  the  entire  pavement  and  not  con- 
fined tc  wheel-track  areas.  Differences 
in  the  heights  of  core:  taken  from  wheel- 
id  between-wh eel-track  areas  in- 
icated  that  the  t  t  I  rutting  wat  composed 
of  densification  plus  lateral  movement  of 
the  material  itself.   (An)  inability  tc  see 
the  line  of  demarcation  between  the  binder 
and  surface  indicated  that  loth  components 
of  the  r  aurfacj  ig  were  movin  . 

c.  If  the  ]orps  of  ...  i  ers  criteria  of  minimum 
Marshall  stabilil    !  500  pounds  end  maximum 
flow  of  20  were  used,  V\   rshall  tests  on  the 
cores  indicati  stability  v  lue  and, 
in  general,  satisfactory  flow  values.   Howe"  i  , 
most  of  the  mixtures  had  \   flow  of  1     more 

one  considers  that  these  test  were 
made  en  combined  binder  and  surface,  a  c.uestion 
y   nay  be  raised. 

d .  The  eneral  conclusion  may  be  stated  that  the 
failures  under  consideration  are  caused  by 
plastic  flow  and  not  by  exceeding  some  maxi- 
mum shear  strength  on  a  critica.  ) lane. 
Trenches  cut  through  the  resurfacing  on  U.S. 
h0  west  of  Indianapolis  confirmed  the  fact 
that  both  the  binder  and  surface  layers  are 
subject  to  this  plastic  flow." 
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The  Need  for  Fetter  Information  "or  Jesign  Purposes 

The  information  presented  in  the  foregoing  section  wouH  seem  to 
point  out  an  inadequacy  in  cur  present  design  methods  for  bituminous 
concrete  overlays.  Even  if  the  .uestion  was  answered  concerning  which 
method  of  formation  of  a  laboratory  specimen  was  best,  designers  are 
still  not  sure  wnat  laboratory  criteria  should  be  used  to  assure 
adequate  field  performance. 

In  addition,  certain  anomalies  crop  up  now  and  then  which  lead 
one  to  wonder  if  a  completely  different  approach  to  the  problem  is 
not  needed.  Take  for  instance  the  condition  shown  in  Figure  5-   Here 
is  pictured  a  junotJon  between  two  types  of  bituminous  overlays,  the 
underlying  concrete  and  the  imposed  traffic  being  essentially  the  same 
fcr  each  overlay.   The  material  in  the  foreground  is  bituminous  con- 
crete binder  and  surface  of  the  type  that  has  been  described;  in  fact, 
the  photograph  shows  the  eastern  terminus  of  the  section  where  Figures 
1-3  were  taken.   The  material  in  the  background  is  a  cold -mixed  binder 
of  one-iized  aggregate  with  a  rock  asphalt  surface.   It  is  evident 
fr  <m   the  photograph  that  the  one-sized  aggregate  binder  is  carrying 
the  loads  without  appreciable  deformation  while  the  bituminous  concrete 
is  net.   However,  in  the  laboratory  the  bituminous  concrete  appears 
to  be  the  stronger,  more  stable  material  by  all  of  the  conventional 
test  methods.   Here,  definitely,  a  fresh  approach  is  needed. 

It  was  these  thoughts  and  the  problem  outlined  that  led  to  the 
present  investigation.   Certain  fundamental  information  concerning 
the  behavior  of  bituminous  concrete  under  load  at neared  to  be  needed. 
3uch  factors  as  the  infli  ence  of  temperature  and  rate  of  deformation 
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FIG,  5   COMPARISON  OF  OVERLAY  TYPES 
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on  strength  characteristics  hive  certainly  been  investigated  before, 
but  net  in  a  strictly  quantitative  sense  such  that  the  relative  effect 
of  each  factor  at  any  level  could  be  related  to  the  strength  produced. 
The  resistance  of  bituminous  concrete  to  repeated  applications  of  load 
also      red  tc  v  ■--    i    fruitful  field  for  investigation.   Other  ideas 
were  developed  as  the  study  progressed  and  this  thesis  reports  the 
results  of  various  lines  of  er.deavor. 

The  laboratory  stu  1/  herein  reported  is  the  second  part  of  a  two- 
part  study  of  the  probleir .   The  first  study  was  done  by  Dr.  L.  ~.  hood 
(b7)^   who  investigated  many  of  the  variables  mentioned.  He  used  sheet- 
asphalt  mixtures  in  his  study  in  order  to  expedite  the  laboratory 
testing.   It  is  hoped  that  the  results  found  by  the  present  investiga- 
tor will  add  tc  and  sxtend  the  concepts  originally  proposed  by  Wood 

will  also  Li  trc  ice  ^  me  r.ov,  concepts  to  add  to  the  understanding 
of  the  behavior  of  bituminous  concrete. 


Numbers  in  parentheses  refer  to  references  listed 


in  the  Bibliography. 
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REVIEW  OF  LITERATURE 

The  problem  of  bituminous  mixture  design  is  an  old  one  which  has 
been  the  subject  of  a  great  number  of  technical  papers.   Inherent  in 
this  problem  is  the  action  of  a  bituminous  mixture  under  load  and  the 
attendant  effects  of  temperature,  rate  of  loading,  and  load  repetitions. 
The  design  of  bituminous  mixtures  for  overlays  for  portland-cement  con- 
crete pavements  is  not  so  old.   Certainly  bituminous  mixtures  were  used 
over  rigid  pavements  in  some  instances  prior  to  World  :\'ar  II,  but  since 
that  time  the  resurfacing  of  concrete  pavements  has  become  of  major 
importance  in  the  highway  program.  There  are  many  problems  associated 
with  the  us  3  of  bituminous  mixtures  for  such  purposes,  some  of  which 
have  been  recognised  only  recentlj .  The  literature  on  this  subject  is 
not  so  plentiful. 

This  review  is  in  two  part::.   In  the  first  part,  '.he  literature 
en  the  subject  of  resurfacing  is  summarized.   In  the  second,  the 
general  probl©  of  the  measurement  of  the  stability  of  bituminous 
mixtures  is  considered.  All  available  references  in  the  field  are 
not  included  in  this  review,  but  rather  it  is  .1  1  estri  ted  coverage 
which  attempts  to  give  a  concise  version  of  what  has  been  done  on  the 
subject  in  the  oast. 


H 

Pituminous  Hesurfacing 
Writing  in  1949,  Gould  (13)  stated,  "Iowa  is  a  fledgling  in  the 

field  of  pavement  salvage,  having  now  completed  only  two  seasons  of 
such  work."  It  is  believed  that  this  is  typical  of  the  depth  of 
experience  of  many  areas  of  the  country  in  the  matter  of  salvaging 
concrete  pavements  by  the  overlay  or  resurfacing  technique.   After 
describing  some  technioues  and  experiences  in  Iowa,  [kmld  concluded 
that  resurfacing  with  asphaltic  concrete,"  ...  is  justifiable  both 
the  standpoints  of  good  engineering  and  economics  ..." 
Resurfacing  is  of  benefit  -..'hen  pavements  have  deteriorated  to  the 
point  where  maintenance  costs  are  excessive  to  keep  them  in  good  rid- 
ing condition.   The  technique  gained  popularity  rapidly.   In  1952, 
Tittle  (55)  said,  "Resurfacing  deteriorating  pavements  is  now  recog- 
nised and  accepted  by  many  states,  counties,  cities,  and  the  Bureau 
of  Public  Roads  as  an  economical,  convenient,  and  highly  satisfactory 
means  of  salvaging  old  pavements.   It  has  proven  adequate  to  serve 
the  increased  wheel  loads  now  operating  on  the  streets  and  highways. 
In  addition  to  providing  a  smooth,  ski  -resistant  surface,  resurfacing 
imparts  considerable  strength  to  the  road  structure  by  waterproofing 
the  subgrade,  reducing  impact  stresses,  and  by  the  addition  of  its 
inherent  strength." 

Concerning  the  mixture  design  to  be  used  for  resurfacing,  Tit 
(55)  said,  "Laboratory  procedure  for  testing  quality  of  materials  has 
been  established  and  presents  no  particular  problem."   It  is  gratify- 
ing to  know  that  some  areas  of  the  country  seemingly  have  solved  the 
resurfacing  problem,  but  one  questions  whether  that  author  would  make 
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the  same  statement  today. 

Resurfacing  has  also  teen  employed  to  strengthen  airfield  runways 
and  taxlways.   As  a  result  of  observations  of  several  field  installa- 
tions, Christiansen  and  Phillippe  (9)  concluded  that  for  airfield 
pavements,  ■'.  .  .  the  use  of  a  properly  designed  flexible  overlay 
appears  to  be  the  most  satisfactory  way  to  increase  the  bearing  capacity 
of  an  inadequate  rigid  pavement." 

Experience  with  bituminous  resurfacing  in  the  state  of  Minnesota 
was  reported  by  Kipp  and  Preus  {2U).      It  is  th       ;e  in  that  State 
to  use  a  "single  grided"  aggregats  v.it'n  1      IfG   penetration  or  150 
to  200  penetration  asphalt  cement  for  work  in  rural  areas.   They  re- 
serve the  dense  aggregate  gradations  for  "...  extremely  heavy  traffic 
in  metropol i i an  a rear . " 

Several  papers  on  various  aspects  of  resurfacing  I  ave  been  pub- 
lished in  a  recent  bulletin  of  the  Highway  Research  Board  (7).   This 
publication  deals  with  such  subjects  as  the  conditioning  of  an  existing 
concrete  pavement  for  bituminous  resurfacing,  condition  surveys  of  re- 
surf  acings,  and  current  practices  on  controlling  reflection  cracking. 

Since  more  and  more  miles  of  concrete  pavement  are  reaching  an 
age  where  rejuvenation  of  this  type  is  needed,  it  is  antic     d  that 
problems  associated  with  bituminous  resurfacing  will  receive  more  atten- 
tion in  the  future. 
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Stability  of  3itu..ltmu:.  Mixture: 
Many  aspects  of  the  stability  of  bituminous  mixtures  have  been 
investigated  by  Vokac  (53-63)  and  by  Killer  and  Hayden  in  collaboration 
with  Vokac  (Al).  One  of  Vokac's  early  investigations  was  of  an  impact 
method  for  studying  the  characteristics  of  paving  mixtures  ( 53) .  The 
test  specimens  were  two-inch  briauettes  such  as  user*  in  the  Hubbard- 

d  test.   The  samples  -.'ere  repeatedly  loaded  at  different  energy 
levels  in  a  Page  Impact  Machine,  the  number  of  impacts  needed  to  cause 
failure  being  measured.  Vokac  stated  that  the  test  would  rive  informa- 
tion regarding,  "...  the  'Impact  Resisting  Strength'  of  a  mixture, 
a  measure  of  .  .  ,  the  'Degree  of  Toughness',  and  also  a  definite  mea- 
sure of  its  tendency  to  deform,  i.e.,  shove  in  service.''  He  concluded 
that,  "The  -r\:\'ry   recommendation  of  the  Impact  test  is  the  simplicity 
md  directness  with  which  it  furnishes  information  regarding  the  most 
important  characteristics  of  an  asphalt   ving  mixture." 

An  extensive  test  series  was  also  undertaken  by  Vokac  in  an  atter.pt 
tc  correlate  the  results  of  physical  tests  made  in  the  laboratory  with 
the  observed  service  behavior  of  asphaltic  mixtures  (/J,  60,  61).   The 
laboratory  stability  tests  and  other  laboratory  measurements  that  were 
considered  were  Hubbard-Field  Stability,  Skidmore  Shear,  compressive 
strength,  density  of  the  mixture,  voids  in  the  mixture,  elastic  limit, 
modulus  of  elasticity,  and  modulus  of  permanent  deformation.   Vokac 
summarised  the  results  by  saying,  "...  all  of  the  test  methods  are 
useful  in  differentiating  to  some  extent  between  rood  and  ba-i  paving 
mixtures  but  (it  appears)  that  the  compression  test  requiring  no 
special  apparatus  is  definitely  the  most  reliable  for  this  purpose"  (6C). 
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Perhaps  the  rnost  significant  contribution  lo  the  understanding  of 
the  stability  of  bituminous  mixtures  made  by  Vokac  was  contained  in  two 
successive  papers  to  the  \merican  Society  for  Testing  Materials  in 
1936  and  1937  (59,6?).  Ke  reported  the  results  of  compression  tests  on 
as Dha.lt ic  mixtures,  the  specimens  used  being  short  with  respect  tc  their 
diameter.   That  is,  as  expressed  by  Vokac,  the  specimens  had  diameter 
to  height  ratios  which  were  generally  1.0  and  larger.  He  investigated 
such  things  as  the  effect  of  specimen  size,  density  of  th<  1  ixture, 
the  effect  of  rate  of  testing,  and  the  effect  of  temperature.   He  pro- 
posed equations  relating  each  of  these  factors  to  compressive  strength 
but  did  not  propose  a  general  equation  relating  all  of  the  factors. 
He  concluded  that  the  compression  test  had  considerable  possibility 
for  evaluating  asphalt  paving  mixtures.  The  equations  that  he  derived 
could  be  of  assistance  in  evaluating  ".  .  .  the  constants  of  a  mixture 
characteristic  on  the  basis  or  cores  cut  from  a  pavement"  (59). 

One  further  study,  relating  to  the  thermal  susceptibility  of 
bituminous  mixtures,  was  made  by  Vokac  (6j).   Again  using  the  compres- 
sion test  as  the  method  of  measurement,  he  worked  with  various  sources 
of  asphalt  and  concluded  from  his  results  that: 

"1.   The  susceptibility  of  a  mixture  increases 
with  bitumen  content  at  temperatures  in  the  neighbor- 
hood of  77  F.  and  lower.   At  temperatures  approaching 
140  F.,  the  order  of  susceptibility  is  reversed. 

2.  Although,  in  general,  additional  filler 
decreases  the  susceptibility  of  a  mixture  made  with  a 
given  asphalt,  this  effect  is  less  evident  at  low 
temperatures. 

3.  The  source  and  method  of  processing  an 
asphalt  markedly  influences  the  susceptibility  of  a 
mixture  in  which  it  is  used." 
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This  reference  (6j)  also  contains  a  statement  which  is  perhaps  ob- 
vious but  which  may  be  overlooked  too  frequently: 

"  ,e  may  logically  inrer,  therefore,  that  in  order 
to  obtain  mixtures  having  similar  physical  characteristics 
such  as  (thermal)  susceptibility,  strength,  voids,  etc., 
using  asphalts  from  different  sources,  the  mixtures  must  be 
proportioned  individually  to  suit  the  unique  characteristics 
of  each  asphalt." 

The  results  o^   direct  shear  tests  on  sheet  asphalt  mixtures  made 
with  50-60  penetration  asphalt  cement  were  reported  by  Skidmore  (50). 
These  tests  were  performed  at  temperatures  between  -  20  and  4  32  °  F. 
It  W3S  concluded  that  special  design  considerations  should  be  given  to 
mixtures  that  will  be  exposed  to  low  temperatures. 

In  an  approach  to  analytical  testing  of  bituminous  mixtures, 
Endersby  (13)  outlined  the  relative  importance  and  the  functions  of 
the  components  of  a  bituminous-aggregate  mixture.  Lewis  arid  Velburn 
(26)  studied  the  effects  of  asphalt  characteristics  on  the  physical 
properties  of  bituminous  mixes  and  found  that,  in  the  temperature  range 
-  25  to  140°  F,  a  plot  of  log  Hubban  -Field  stability  versus  tempera- 
ture was  linear  for  stabilitj'  values  lower  than  10,000  pounds.  Waller 
(64)  investigated  the  ASTM  compression  tests  and  found  what  effects 
compactive  effort  and  rate  of  deformation  had  on  compressive  strength. 

Several  studies  of  the  strength  of  bituminous  mixtures  were  made 
by  Kack  (27,23,  29).   In  one  study  (27)  he  considered  the  rhcology  of 
bituminous  mixtures  by  determination  of:  a)  elastic  flew,  b)  plastic 
flow  under  continuous  snd   successive  compressions,  c)  stresses  set 
up  in  specimens  during  flow,  and  d)  rate  of  dissipation  of  stresses. 

Mack  also  wrote  concerning  the  bearing  strength  of  road  struc- 
tures (28)    in  which  he  reports  the  results  of  a  type  of  repeated  load 
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test.   However,  this  testing  constituted  a  very  small  part  of  the  research 
and  no  conclusions  could  be  drawn  other  than  the  fact  that  only  part  of 
the  total  deformation  of  the  bituminous  mixture  was  recoverable  upon  the 
removal  of  the  load. 

In  a  recent  contribution  to  the  literature,  Mack  (20)  investigated 
both  the  deformation  mechanism  and  bearing  strength  of  bituminous  pave- 
ments. Concerning  this,  Kack  stated: 

"The  deformation  of  bituminous  pavements  consists 
of  an  instantaneous  and  retarded  elastic  deformation 
followed  by  a  plastic  deformation.  The  mechanical  be- 
havior is  primarily  determined  by  the  plastic  deforma- 
tion which  is  accompanied  by  hardening." 

Nijboer(43)  used  the  triaxial  test  to  study  the  plastic  properties 
of  bituminous-aggregate  mixtures,  he  investigate'-'  the  influence  of 
asphalt  cement,  coarse  aggregate,  and  fine  aggregate  and  reports  that 
triaxial  test  results  should  be  useful  in  design.  The  same  author 
recently  presented  a  summary  af  numerous  proposed  rational  approaches 
to  bituminous  road  design  (45).   In  this  study  he  also  reported  some 
data  on  fatigue  of  asphaltic  mixtures  and  found  that  bituminous  mixtures 
showed  fatigue  properties  comparable  to  other  materials  such  as  steel 
in  that  repeated  loading  at  higher  stress  levels  cause  failure  after  a 
smaller  number  of  load  repetitions  than  would  be  the  case  at  lower, 
stress  levels. 

A  theoretical  approach  to  the  design  of  bituminous  mixtures  using 
the  results  of  triaxial  stability  tests  has  been  presented  by  HcLeod 
(37-40).   He  stressed'  the  fundamental  inadequacies  of  the  e.nrirical 
tests  commonly  used  for  bituminous  mixture  design  and  pointed  out  the 
necessity  for  the  development  of  a  rational  method  of  design  "... 
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vhich  would  evaluate  the  strengths  of  bituminous  mixtures  on  a  pounds 
per  souare  inch  basis  ..."  (38).  McLeod  also  developed  equations 
which  indicated  that  the  "...  amount  of  lateral  support  .  .  .  provided 
by  the  pavement  surrounding  the  loaded  area  nay  be  appreciably  greater 
than  its  unconfined  compressive  strength"  (j1?;.  This  is  3  point  which 
has  long  been  debated.  McLeod  saw  no  particular  difficulty  in  using 
his  rational  design  method  if  the  Kohr  rupture  envelope  for  the  bitumin- 
ous mixture  was  a  parabola  rather  than  a  straight  line  (39).  He  showed 
that  "...  for  bituminous  mixtures  with  curved  Mohr  envelopes,  straight 
line  Mohr  envelopes  drawn  through  the  Kohr  diagram,  and  located  by  the 
method  of  least  squares,  provide  stability  values  that  r,:ay  be  from  10  to 
20  percent  too  high,  but  may  nevertheless  be  sufficiently  accurate  for 
practical  pavement  design  at  the  present  tine"  (3^). 

Smith  (52)  described  the  theoretical  and  mathematical  considerations 
underlying  the  development  of  the  closed-system  triaxial  stability  test. 
He  recommended  the  "...  use  of  the  triaxial  stability  test  procedure 
for  iesign  of  all  mixeci-type  asphaitic  surfaces  .  .  "  His  paper  included 
"...  suitable  stability  criteria  for  all  types  of  nixes  and  various 
traffic  condition:.  .  . '' 

Shearer  (49)  proposed  a  method  for  measuring  the  lateral  pressures 
in  granular  mixtures.   He  pointed  out  that  "In  testing  a  representative 
laboratory  specimen,  it  appears  self evident  that  a  realistic  lateral 
restraint  must  be  applied  in  order  that  these  numerical  values  may  be 
truly  significant."   He  employed  a  pressure  cell  for. the  measurements, 
but  did  not  have  sufficient  data  to  conclude  anything  relative  to  the 
magnitude  of  confinement  in  a  thin  layer. 
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Several  studies  of  the  stability  of  bituminous  mixtures  have  been 
reported  by  Goetz  and  Chen  (15),  by  Goetz  (16),  and  by  McLaughlin  and 
Goetz  (33).   In  one  study  the  vacuum  triaxial  technique  was  apr.lied  to 
the  testing  of  bituminous-agg rega4 ,e  mixtures  (15).   In  another,  Goetz 
compared  triaxial  and  Marshall  test  result;-  \nd    concluded  that  for 
the  mixtures  and  testing  methods  used  in  the  study,  ".  .  .it  appears 
that  the  Marshall  test  will  provide  the  sami  i  neral  f.ualit-.tive  evalu- 
ation of  an  asphalt-aggregate  mixture  as  the  triaxiql  test"  (lcy. 

McLaughlin  ;ind  Goetz  compared  unconfined  and  Marshall  test  results 
ind   concluded  that  the  Marshall  test  is  actually  a  type  of  confined 
test  (33).   In  summing  up  the  studies  of  comparisons  of  Marshall,  tri- 
axial, and  uncor.fii.or:  test  results  these  authors  stated: 

''.  .  .  (the)  correlation  work  .  .don   Ln  com- 
paring triaxial,  unconfined  and  Marshall  test  results 
shows  that  the  test  properties  chosen  from  the 

■rshill  test  for  desigi   irposes  are  ones  that  tend 
to  control  the  fundamental  pro; ertios  of  'hi  mixture 
.  .  .  (and)  the  fact  that  our  data  shew  the  Marshall 
test  to  reflect  the-  sa:  :e  properties  as  the  more  funda- 
mental strength  tests  leads  us  to  have  con fidence  in 
its  use  for  establishing  and  controlling  the  asphalt 
content  or   bituminous  mixtures  within  the  range  of 
those  for  which  correlating  performance  data  hove  1   i 
obtained. " 

The  problem  of  melding  realistic  laboratory  specimens  has  also  re- 
ceived at1  ?ntion.  Vallerga  (5b)  reported  the  development  of  a  knead- 
ing compactor  and  offered  the  general  conclusion  "...  th=-t  the  method 
of  compacting  or  fabricating  laboratory  test  specimens  of  bituminous 
paving  mixtures  has  \   profound  influence  on  stability  and  cohesion 
(tensile  strength)  values  as  measured  ty  the  Hveem  otabilometer  and 
cohesiometer  respectively." 
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Further  studies  with  the  kneadin      :Ctcr  vare  reported  by  Ender- 
sby  arid  yallerga  (1/0  and  by  Hv<  an  ind  Vallerga  (??).   It  was  concluded 

t  if  different  types  of  stability  tests  are  to  be  compared,  one  should 
use  the  same  method  cf  compaction  for  preparing  all  test  specimens.   In 
addition,  Sndersby  and  fallerga  (LL)  favored  the  kneading  compactor  as 
being  the  one  which  would  provide  ".  .  ,  better  igreement  in  the  results 
of  .  .  .  various  test  methods." 

Thilippi  (43)  also  considered  the  problem  of  laboratory  compaction 
of  bituminous  mixtures.  He  used  a  gyratory  shearing  act 3  '1  to  compact 
laboratory  specimens  at  low  initial  pressures  which  would  permit  orienta- 
tion of  the  aggregate  j  rticles.   This  was  followed  by  a  direct  compres- 
sion of  the  specimens  at  a  unit  pressure  cf  1590  nsi.  This  method  wa 
reported  to  produce  laboratory  specimens  of  bituminous  concrete  which 

I  '.'  .  .  1  density  approximately  ■   ual  to  that  obtained  in  a  pavement 
produced  from  the  mixture  and  with  approximately  the  same  aggregate 
lation." 

The  literature  coj     Lng  bh    chanical  stability  of  bitumin  us 
mixtures  was  : ■  ■  ■      in  1953  b;     -  e  (  ,  , .   Ke  Included  a  classifi- 
cation cf  the  different  types  n.r  mechanical  tes  s  in     .;.     ;  and 
emphasi  5d  '• .  .  .  the  highly  empirical  and  controversial   ate  of  the 
subject  .  .  .  "at  that  tine  and  uiv  d        "  r  :  1  ■'. 
extensive  bibliograph,       so  included  in  his  report. 

\   si  ilar  general  survey  of  the  fui     tals  of  stability  te. 
of  asphall  axes   "  ..  :   by  St  ovens  (50«   H<  reviewed  the  require-, 
merit  a  for  suitable   pi  -  mix   and  then  ci      3d  >n  how  these  :<  - 

rties  ■--.    .  :  jated  ;jy  cieny  of  the  test  metho   In        .  n 
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use. 

Finally,    and       st    recently,     'red    (fc '" ,  :.        t  -       - 

•acteri  itics  ....  .ous   conditions 

of  loading.     Using  the  un     nfii  r<    sion  test,   h     devel   ped   a  re- 

iship  1  etween  maximum  uncoi     .  L  I      n,  th  and  the 

variables  cf    :  t  ar  lef   rmation   for   sand-asp]   ■"  '       Lx- 

tures.      This   relationship  was    further    astablished   for  confined  co 
sion   tests   using   son  '-..!;.      press  !"  1;    and    :  ..   psi.      '.'•;    i     also   ir.- 

vestigat    3   the   ef  r  ted   .  nin    .  :tures   =mri 

for  the     i  i    tur  3  ted  there  was  a    stres      -  :.       i    -.J  ' 

eye]?-:        nu      sr  of      i  i   :     *ithcu1    causinj     f     ]        .      This  ras 

cal  lei  :       ranee  limit." 

VJood   conclude'         ...        pro;  eva  •  the  ade- 

quacy of    i  ninou        1    tui  "e   its   •;  tion    Ln   the    field  would 

j   to  perform  the         ."        '< .        ;>   ■  t   on  a    rational   specimen 

■   torn    >rature  ci    l/jO1    F  and   .-    .  '.-      *  O.OOf    in. /in,. 


PURPOSE 
In  broad  terns,  rpc         >f  this    investigation  was   ■■  to  the 

present  knowledge     if  the  ]         -        r;  Lng    :ha        teristics  of  bi1 
concrete  p      ticularij    when  used    -is   an    Dverlaj/      ateria]    over  port! 
cement         icrete.  ub-purposes       j    be  listed,  which  contribute 

toward    :he  wh sle: 

1.      A  relationship   am  .  'act      3  of  load,        te  of  deformation, 

and   temperature  sed  by  Wood    (67)    is  isult      t    -  ■;-.•:    laboral    vy 

tests  on   sheet-asphalt  mixt    res.      11  purpose    :  '  gation 

to   discover  i  !       .         this    £~>rr.    :.  f   relationsi  L]         Lsts     'or   bituminous   con- 
crete;    a>d   further,    I       'ind    ho;:  the    thickness-of-lay  affects    <.  y   strength- 
rate-temperature    realtionshi]  t       Lght  be     leveloped  foi    bituminous 
concrete.      In  addition     r.     v          ble     if  meth  •  !   nf  comr    ction    an  ■Miy 
'-.    ived   relatii    .ship  was  to          Li  Lg.ated. 

The    ■:'       >ical  approac!       f   evaluating  the   strength  of   s  bitumin- 
ous ris   cr    triaxial  i      has  been  ou<  ned  by  many 
investigators    'or  two   reasons.      .-        t,    the  triaxial  test  ^.<r)loys  a 

:imen  whose    iimensions    ?re  tnuc]       Lf     r   nt   froi  of 

the  mixture   in  its  service  ion.     r..  ,    the  theory  of   failure 

usually  ap      Le  results    z'        series  <  r  triaxial    tests  says  that 

the   shear  strength  *;r  s   bituminous  mixttire  is  a   function  nor 

Lpal   stress  or  the    "amount    of  confinement"   that  is  rresent.     '/hile 

one   can,    in  the  laboratory,   develop    <    curve  relating   shear  strength  to 
total  applied  pressure    :r   total    principal   stress  to  minor  principal 
stress,   there  is  no  information  derived   from  experimental  rosults  to 

icate  of  what  order  of  i        -    tude  this  minor  principal  stress  or 
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"degree  of   ;onf inement "  might  be   in     r;  overlay.      It  i  3  of 

this   investig!  ti     <  to  est'  i      confinement  by  means  of   laboratory 

.    . 
j.      fh     results  of  field  si  i        , 

sncountered  with  the  uz>    of   the  1  rps  of  I     ti     Lnous   concre 

mly    used    in  Ii. '  i  ma    is  not   failure  material    in  chi     r  but 

the    accumulate  >n  of         ■     .  '^formation   in   the   aa  ;as   of  the         ■  rnent 

jr.cted   to  plication:    of  a  1  ...    ]         .      Dtv       Lght 

'  uesti  1  1  th      use   of   ?.    st  teat      si  he  1    I 

.  tability  design  1       n  it  is     In    icated  'ailui 

pplications   of   ioaU    lass    than     :      uj    ;  w»te    iti    ngth  of   th  il 

as  measured  by   some   com    ntion&J    strength  test,      It  -  is    >     urpose  of 
this   in  I       :  tudy   th  I  ir  of   bit  j;   mous     :oni  ret  ■   under 

repeated    ipplications   of  load  ■ 

•vjsults  with  those  01  i  '    -  •■:.'-' 


scoi  r  -   .     *.         now 

In  order  to  accomplish  purposes  listed  in  the  sec- 

tion,   tl  first   subdivided    Ln1      I         parts.      In  the  fir       part, 

alj    testa  were   ;    irformed   01  <  .      i  r    no!  '  i.   the   ]  .'..    r'ntory       .  '    in 

the   second   part,    pav  ment    c   .  js    for  laboratory  tesl  a>   :    from 
:*   section  of   '    '          t  which  r    '         i           .    faced  with   bi         .  i    >n  /etc 

in  the    sui  mer  or  1950.      The   j  .       rue       n  c  f  this  res 

libles   incoi  '  in  ?  s 

ion  under  the  major  h  ED  01    PAYE- 

. '."  :>     '     .      This   se  'il  f"  h  pha<  tuny   .in 

extent   to  "i  i  atory  test:    vrere   c.  rriei  . 


7-:yi:-   '-n  Laborrit    ry-T   i  ec ris 

\r.    tj  ?regate   source   an      grading  were   chosen  net   the  specifi- 

cations of  the    >tate  ;:i  irtment   of  Indiana   (53)    for  Hot  Asph 

tic   Surface,    \-  (Kedium  -  Texture).     This    iggregate  ■         Dixed  with 

-70  penetration  asphall    cement   ."rr  all  ]  ipacte  /■     -    >. 

Initially,    the  aggregate   blend  wa      :h    "act  srized  by   r-rior-i;;.r  a 
series  1       Lrect  press  and   triaxial    tests  over  a 

of    i  Lt  coat  aits.      Mso   included  were  a   few  H\  I       Hornet er 

id        hesa  meter  tests      .  blend   using  a  -ingle   (6.0  percent)    asphalt 

.   ent     co;  pacted  .-it   tvi  nt 

After  the  aggregate  blend  had  been   character]  .  •".        -  !    ?le 
halt    coat  sat   of  6.C    ,     -         ',    <..'   :.    -i-ira  densities    Df  1U0  and  146 

ibic   foot  v;er?   se]  for  furthjr   :  The  results  of 

the  :         halJ      eries,  test   results,    density  re 

*ous  and    current    I  1   pracl 

Lcated   that   the   indicated  .  3  haj.t   content     md     lensity    /slues    are 
ealistic  ■  .  ~ .      Some   test    results    fro  . -- 

merit   sauples    (  .     vt    Lndicnl     !     hat  a    lens  Jl;    of   L       j   >un 

cubic    fool     1  ay  1  to    the  Lty  '  ;ved  :      struc- 

ad    that  an  increase   in   this    initial  .  nds  per 

cubic    foot  be  obtained   aft^r  f  service. 

Ltional  triaxial  test  1  fixtures  containing 

6.C    percent    ;>"-  halt   and    compacted  to   Jei     .    i  f   140  ami   I 


1     ■-.!   in  this   thesis,   percent    isphalt  means 
perci  >f  th 
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ibic  f     '  .      rhe    ■■  tests  were  performed   at   a  te  1    .-  JO 

a  rate  of  deformation  of  0.    ,-    Li  .    minutes  with  confining 

pressures  up  ■      ]        pounds   per  cubic   foot. 

In  order  to  investigate  the    -  Lonshi]    among  strength,    rate  of 

deformation,    and    ter  ire  on  laboratory  cted  specimens,    speci- 

mens  twi  s  thick    i.        '      .  ...   in  rii      ~;  ■_.        i    ie    at  an 

nt    of  6.0  percent    aid    z-  mpacted  to  a  density  of  I46  pounds 
per   jubic  th  '       .  ...      Fhe  firsl    met]    d  was 

ply    '  ■;  ile-plunrer  compaction  with   r  ,    but    the   second  wis  a 

.       ■  ■'•-'■>    ::il    c        acti    .  .  sveloped   in  this    study.     This   compact 

is  -    ■    \    fully  in  a   later  section.      For  the   tests  bein 

cribed,    the  i  bcture  was   vibrated   into    an   eleven-inch   square  by  t     - 
i  :k     1  mi  this    >lal  ,    ceres    f  ur   inches  in  diameter  were 

:ut   with    i      abrasive-ty  <-.  drill. 

3oth   types   of  specimens,    I  Icuble-      unger  compacted   specimen: 

and   the   vibrationally-compacted   cores  were  tested  to   fiilu^e    ;t  two 
*  ion   (0.2   :  ..-:     '.        inc]    ...   per  minute),    and   at   three 
different  .tares   (40,    90,    and  140°  P),  making    a   simple   3   b; 

irial   e  ipsriment   for  each   conn  action  t.y;  e. 

Finally,    t  "ect    on    M      ngt  I  rea  to  imei       '    e, 

•  suits  of  which    «    re   tc    be  used  to   sstimatc  the  degree  of   confine- 
ment   In    s    .i  in  overlap  ,       is    investigated   by  making  two-i   cl    t] 

cimens  by  vibrational  compaction   at  6.      .  ^rcant   asphalt    to  two 
different   densities    (140  and  146  pounds   per  cubic  foot).      Ehe  s:  oci- 
mens  v;:r-       ids    In  four    iifferent    sizes:      four   inches   in  diameter 
(cores   from  slab  specimens),   eight-inch  s\:.rx,   eleven-inch  square, 
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and  sixte  n-inch  square  si?  >o,      }  .pecimens  were  loaded  bo  failure 

at  a  rate  of  deformation  of  0.02  inches  per  minute  at  approximately 
30  F.   The  loaded  ire.i,   in  each  cise,  was  12.57  square  inches  or  a 
;ton  four  inches  in  diameter. 

Test."  onJP a vem^nt  Cores 

The  pavement  ceres  tested  were  all  four  inches  in  diameter  but  of 
three  different  heights:  twc  inches,  three  inches  an*  four  inches.  A 
3=ri.;o  of  bests  was  performed  on  thesu  cores  to  determine  the  relation- 
ship  ■      rength,    be  of  deformation,  and  I   .  rature,  very  much 
lii';.;  tne  tests  performed  en  the  laborat  .,  -  lompac      ;cimens  described 
in  the  preceeding  section.  In  this  case,  however, specimen  height  was 
a  variable  and!  compaction  was  not.   In  iddition,  s  third  ral    '  <  sforma- 
tiun,  D.  >02  inches  per  minute,  was  included  making  a  J  by  2   factorial 
sriment  for  o    i  E   ..   h  e«    :  Lmerj    '   Lesses. 

Pavement  cores  rere  also  subj      to  repeat  I  Load  t<  3ts  of  two 


+. 


-.< 


rpes.      In  tl  Loc  renting  75,    %  15  percent 


of  the      itiraate      br  ;ngth  of  th         re  at  a  tei     -   ■ ;  bure  of   3C  '  F  and  a 
rate  of  deformation    .  I    ).0i    inches  j>er  i  tedly   imposed 

upon  specimens      I    this   temperature  and  using  this   rate   oi    iefcrnation. 
The    :  i    art   i  •  Lve  permanent  i     for    ition  was  measured. 

The        ..    .  .as  of  repeated   loar   tests   employed  a   different   con- 

f   1,         ...      LI     .  did    the    first.      For  I         latter  series,    tne   total 
lc   d  was  appli    i       i     tantaneou    Li  Lraost        .;    for  a   period  of  O.J 

seconds  u       then   rel    -  '  ~    .      ■  ■■     -'■'--■    interval  between  loadings  wan 

sec    nds       id    b«  pari  i      it     pplied   stresses  of  100,   150, 

and      ...    pounds   per  square   inch  each   at   a  temperature  of   50  and  1A0     F 


for   all  three  core  thicknesses.  Ln    Liu     case  of   the    first   tj  re- 

ilalive  ]  em  anerrl         .       tat  ion  was 
kept. 
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:rij  . ;      ps  i    "  i 

lab  .. .: 

In  this  section,  all  iet  ills  p  rtineut  :     >ts  performed  on  labora- 
tory-compacted specimens  are  covered  including  materials,  method  of 
specimen  preparation,  apparatus,  and  test  procedures.  After  a  descrip- 
tion of  the  materials  and  the  method  nd  apparatus  used  for  vibrational 
compaction,  which  ure   coiranon  l   ost  of  the    I  .in  this  series,  e-ich 
t  i-5  individuall,    c  Lbed. 

l±.   tern?  Is 
bitumincus  concr  te  mixture  hos  r.  'or  this  portion  cf  the  study 
iv     •     tin      necifications  of  the  State  i.'  hway  Department  of 
Indiana  for  Mot  Asphaltic  ?on  i  "    rface  -  Pype  B  (Medium  Texture). 
Tins  mixture  has  been  wide]     d  in  Indiana  for  the  purpose  of  re- 
surfacing concrel     j  :■  .  •  >.  The  composition  limits  for  Type  B  as 
listed  In  the  1952  edition  of  the  Ji .-.:. '  -r-'  Specifications  of  the  State 

Jommission  of  Indiana        n  Ln  T  ble  1  together  with  the 
composition  cf  the  mixture  ac  selected  for  this  investigation.  Figure 
;       ra  .  .,-    .  i  s    in  1      .  t-hand 

■  1 . 


32 


Table  1 

Specification  Limits  For  Hot  Asphaltic  Concrete  Surface  -  Type  B 

inii 
Mixture  Composition  Used  For  Laboratory  Specimens 


Composition 

Limits 

P  issing 

Ret  -  i  i'   i  *~;\ 

For   ;.; 

3 

Coj  iposit  ion 

Sieve 

Sieve 

F  -  _. 

Selected 

1  ii  lira 

uciii 

lum 

Percent 

1/2  inch 

3/3 

inch 

2 

1-'. 

12 

3/3  inch 

.  . 

~v 

50 

36 

K<  •   4 

;,.. 

6 

j 

11 

5 

.  >.   6 

>. 

3 

11 

> 

No,    3 

No. 

16 

5 

20 

11 

No.    2 

. 

50 

L0 

23 

Ho.    50 

I     . 

- 

17 

3 

No.   IX 

:.  . 

200 

1 

— 

2 

No.    200 

- 

J 

5 

3 

Total  : 

i. 

Q 

. 

?5 

>> 

Bit 

. 

50 

5 

;      t 
-t     i 
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The  coarsi     .--.gate  (bi     i]  .     .  ;  .      used  in 

this  portion  of  the  study  was  a  crushed  lin   :  .  ■  from  central  Indj  na. 
The  source  ( laboratory  No.  6?-    Is    ite  .  '  jnevive  forma- 

tion and  '   of  Mi  3issJ       ge.  The   teria]  i.3  " :.  :  rail  d  ..-   has 
i  low  porosity,  its  water  absorption  being  -  f  the  ordei  of  .        srcent. 

-  'or  specific  gravity  by  A31   e1   I  C  I  "  .  the       ing 
result. 'J  were  obt    .  ' . 

Bulk  specific  gravity  -  2.63 
■      jcific  \  ■   vity  - 
Tiic  fins  ...  passin?     Ko.   .3  sieve),  with  the  ex- 

ception of  the  material  passing  the  Mo.  2G(  d  r  ,   is   local  sand  -  - 

ied  from  a  river  terra c  -  '.  1  ...•  .;  .  ?  -3  .  -ion  test 
for  specific  gravity  b  >Ti  ]  1  ' ,  the  following  results  were 
obtained: 

3uik  specific  gravity  -  2.61 
Apparent  "pseifi'j  gravity  -  "."1 
Portland  cement  having   spec:     gravity  of  3«15  •'  ss 

cr  1650  square  c  .■  gr   (V/agner  Turbidimeter)  was  used  for 

that  aggregate  f  .  .  200  sieve. 

.  ie  coarse  rr.-1  fine  ag£3     -.  were  air  !ried  and  sieve<  into  their 
fractions  as  iisl    Ln  Tabic  1.  They  ■     then  recombim 
into  batches  of  the  proper  size  for  to  be  lade.   in  addi- 

tional si  .■•-  \..   .    30)  was  included  for  -  fine  iggregate 

fraction  and     23  I      sgate  between  the  No.  16  and  the 

No.  50  sieve  was  split  11  tween     No.  16   b  No.  30  ;  id 


\?  :  it  betwee  No.   2      an  •  '■•'■•    5J  s :    ve    . 

Asphalt 
A  60-70  penetration  grade    isphalt   cement  furnished  by  "he  Tej 
Company  from  their  Port  Heches   refinery  was  u3ed   Cor  all  the  laboral 
corr-  "...       Standard    I      t    re.:ulus    :i.   thie  .    it   cercsnt   are 

n    in    I         -    5. 
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Table  2 
Results  of  Tests  on  Asohalt  dement 


Test  Result 


Specific  Gravity  77/77°  F  10OH 

Softening  Point,  Ring  w\   Ball,  °F  125 

Ductility,  cm  ISO  + 

Penetration,  100  grams,  5  sec,  77'  F         67 

Penetration,  100  grams,  5  sec,  32  F  19 

Flash  Pout,  Cleveland  Open  Cup,  F  590 

Solubility  in  CC1.  ,  percent  99.3 

Spot  Test  Meg. 


Vibr  ~;t  ior.-  '     .   •>•-  zc  Li."  :■ 
For    I  his    :  I     '        ;  '  "  ig  slab-  .  u         ii 

pi:euma      :      ;    .    .    ■"  '  rhese  specimens,  which  <.\   . 

,\       Inches  thick,  were  mar      Ln  i    i      ha      5      ither  -1  by  3  inches, 

by  16  iricl       .  n  ;wo   si    Her  si 

ins    a  ceil':;  1  .  16  by  1       .  -    ci- 

ere  err:     :       I   in  wood  ei         :  ■    .      Ihe    vil  retor  1,h.9t  was   use* 
'.'..'  Qj  1    1/'.,    inc      ;   ■  :;       .       j     Ls 

o:  erated    it  a  iii  .;.cund  Inch  arid  at  this 

i,-     vil         i  n  .  "     c;     Ins  permi  n      the 

air  consumption  was    }.,,    cul  .*.  r'jr  mini       .  late  or  1 

inches      ;      ,     -inch 
ei  .  -'-'-'-r    "  ■  '••      The   vibrator  .       steel       1    . 

set-up    for    m   11-inoh   s-.juai      3  e  n  in  Fi^ui      7, 

'on.i  a  ci  bj    this    iieth  id  lpi  itioj  ,    th<         1      was   s« 

up  :...         LI  :  tly .      Th<  f    :.l  I    .     ■••..-     1]  so      i  ' 

ral  -  m ...  L  ■   '        to  a 

•  •    :     ral  ure  - :  :•  _     10°  F,  phal  !         I  tea     srature 

-  5°  '■' ,  ■  ;thc      i  sport  ion!         :  r  ixed 

for  three  minut<       iftej   which    31  int  i    Lure   sufficient  to  fo 

-j  thick   specie  ..  .    size  being  made  was  placed    ind 

snly  in  the  steel  !.  3]  r  ■  ■■  - 

Ln        uniform  layer  1  It  1  hat   a   uniformly   thick     nd 

uniformly  den  Lraen  won]  I      ..:.■/    i  1      recautions  were 

ch     top  in  .  .     .        his  parti      lar  s1  as 

aed    33j  l.lj    importanl    bei  t  uch  opportunity 
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FIGo  ?   VIBRATOR  AMD  MOLD  FOR  SLAB  SPECIMENS 
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redistribution  Lai  in        •     icld    Ln        lide    ays    lirectio  ugh 

the   action  or  the  vibrator,      phe  vT  r..    i    i  .        st     -t    '      .'   the  foot 

pl?t  loved  over  th  s    it  cc  .  iu<  '    rating 

L  on.     Mien  P  th  :  ..  I  to 

-    :     es,    is    Lndii  larks   insc]  Lbed  Ldei    of  the    nold, 

-        ■■  1/  -ij    ■    thicl       tee]    p]    te    .  ."   the  pr< 

(     ith  -  i .     I  3S    S   ".:     •  '  ,,         -inches         i        )   w;       pl«  ced 

on   .  :. :  cirrion.      rhe  started   again    ind   held 

firrnlj'  ho   steel  .  red  any  '  ' 

in  ths    surface  of  the  £  .     .       .  •  si  rface    \vr  toot   ..    . 

:■''..  1-  -•'  .     i  re  specimens,     A       ,1-inch  £     ...-■■■     steel  plate 
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Characti  vi  _ 

Several  series  of  tests  were  performed  on  the  bituminous  concrete 
in  order  to  characterize  or  describe  the  mixture  in  terms  of  conven- 
tional laboratory  tests.  The  tests  that  were  performed  include  the 
Marshall  test,  ASTM  Direct  Compression  test,  triaxial  test,  and  the 
Hveem  Stabilometer  :!nd  Cohesiometer  tests.   The  procedures  for  forming 
the  specimens  and  for  making  these  tests  are  described  in  this  section. 

Marshall 

The  detailed  procedures  for  specimen  formation  and  testing  by  the 
Marshall  method  are  quite  common  and  appear  in  many  places  in  the 
literature  (i,  10,  11).   The  Marshall  tests  performed  in  this  investiga- 
tion were  of  the  standard  variety  so  only  a  brief  treatment  will  be 
given. 

To  form  the  specimens,  a  batch  (2500  .'•'rams)  of  aggregate  was  heated 
in  a  large  gas  fired  oven,  described  in  reference  JU,   to  a  temperature 
of  310  I  10°  f.   *•  Quantity  of  asphalt  sufficient  to  bring  the  batch 
to  the  desired  asphalt  content  was  simultaneously  heated  to  275  -  5°  F. 
The  Marshall  molds,  spoons,  spatulas,  a  brass  mixing  bowl  and  the 
Marshall  compacting  foot  were  also  heated  prior  to  the  mixing.  When 
the  components  were  at  the  required  temperatures,  the  asphalt  was 
weighed  into  the  aggregate  in  the  mixing  bowl  and  the  two  were  mixed 
for  two  minutes  in  a  modified  Hobart  mixer  (see  reference  34).  The 
batch  was  then  divided  in  two,  half  ?oing  in  each  of  two  molds.  The 
specimens  were  then  compacted  with  the  Marshall  hammer,  fifty  blows 
on  each  face,  cooled  and  removed  from  the  molds.  Two  Marshall  specimens 
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were  made  at  /+,  5,  6,  and  7  percent  asphalt. 

To  test  the  specimens,  they  were  first  immersed  for  a  minimum  of 
25  minutes  in  a  140  F  water  buth  and  then  removed  and  tested  to  failure 
in  the  standard  Marshall  breaking  head  at  a  rate  of  deformation  of  two 
inches  per  minute.  The  maximum  time  that  was  permitted  from  removing 
the  specimen  from  the  water  bath  to  the  end  of  the  compression  test  was 
thirty  seconds. 

Data  collected  in  this  test  series  were  unit  weight  of  specimens, 
Marshall  stability  and  Marshall  flow. 
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AJTK  Direct  Com.]  ression 
The  ASTM  compression  tests  were  performed  according  to  ASTN  Designa- 
tion D  1074-55   with  some  changes  in  the  procedure  dictated  because  of 
ivuilable  laboratory  equipment.  These  changes,  however,  are  considered 
to  be  minor  in  nature  and  the  test  results  may  he  viewed  as  -1  u  dard. 

The  aggregate  and  asphalt  for  these  specimens  were  heated  to  310  - 

10  F  and  275  _  5C  F  respectively,  combined,  and  mixed  for  two  minutes 
in  the  modified  Hobart  mixer.  The  specimens  were  formed  in  a  A-incr. 
riiameter  steel  mold  (described  in  reference  }L)    by  riouble-plunger  com- 
pletion at  a  contact  pressure  of  3000  psi.   \  hydraulic  jack  fixed  in 
a  steel  frame  su       the  corapoctive  effort.   The  specimens  were  made 
to  i  four-inch  hen  hi  ,    Lrial  mix  being  used  in  each  case  to  determine 
the   tantity  cf   material  needed  for  a  specimen  of  '...  height.  Specimens 
were  made  it  A,  .,    o  and  7  perc<        lit. 

The  specimens  were  tested  "in    -  1  compression  without  lateral 
Support  at  t  uniform  rate  of  vertical  information  of  0.05  inches  per 
minute  p-jr  inch  of  height  (0.2  Inches  per  minute  for  specimens  L,   inches 
in  height)"  as  specified  (1).   Tl     ts   r   lade  in  a  Riehle  testing 
machine  of  50,000  pounds  capacit      hich  had  been  added  a  Graham 
variable  speed  drive  which  extended  the  range  of  testing  speeds  possible. 
The  specimens  were  tested  at  room  temperature  which  was  77  -  5°  F  during 

4 

the  period  in  which  these  tests  were  made. 

lata  collected  in  this  test  series  were  unit  weight  and  compres- 
sive strength  of  the  specimens. 
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Triaxial 

The  specimens  for  the  triaxial  tests  in  the  characterization  series 
were  made  'it  four  asphalt  contents,  U,    f>,  6  and  7  percent  and  at  two 
different  compactive  efforts.   The  materials  were  heated  and  mixed  as 
previously  described  for  Marshall  and  A3TM  compression  tests,  placed 
into  the  A-inch  diameter  steel  mold  in  four  layers  each  of  which  was 
rodded  25  times  with  a  7/3-inch  diameter  steel  rod,  and  compacted  bv 
double-plunger  action  to  a  contact  pressure  of  either  2000  or  2500  psi. 
Mo  attempt  was  made  to  control  density  to  any  piven  value,  the  density 
produced  by  such  compaction  being  one  of  the  things  that  it  was  desired 
to  learn  from  this  test  series.   However,  the  amount  of   material  placed 
in  the  mold  was  controlled  to  produce  specimens  approximately  ten-inches 
high. 

For  each  asphalt  content  and  compactive  effort,  four  specimens  were 
made.   Two  of  these  .'ere  tested  in  triaxial  compression  at  a  confining 
pressure  of  15  rsi  *nd  the  oth.r  two  were  tested  at  30  psi.   A  total 
of  32  triaxial  specimens  were  made  and  tested  r^r  the  characterization 
i  its. 

The  triaxial  tests  were  performed  at  a  rate  of  deformation  of  0.02 
inches  per  minute  at  room  temperature  (30  _  5°  F)  in  the  Riehle  testing 
machine.   The  triaxial  ceil  used  for  these  tests  is  shown  in  Figure  3, 
the  key  to  which  appears  on  the  page  following  the  Figure.   The  data 
collected  in  this  test  series  were  unit  weight  and  compressive  strength 
of  the  mixtures  at  confining  pressures  of  15  and  30  psi.   From  these 
data,  the  cohesion  and  angle  of  internal  friction  of  the  mixture  at  the 
various  asphalt  contents  could  ue  derived. 


DETAILS    OF    TRIAXIAL   CELL 
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FIG.  8 
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Key  to  Figure  8 

]  .  Test  specimen 

2.  Rubber  membrane 

3.  Upper  testing-head 
U.  Lever  testing-head 

5.  Upper  drainage  line 

6.  Lower  drainage  Line  and  drainage 

control  valves 

7.  Compressed-air  inlet  line 
3.   Compressed-air  relief  valve 


9.      Proving   ring 


10.  Proving  ring  deflection  dial 

11.  Loading  piston 

12.  Wall  of  triaxial  cell 

13.  Connecting  bolts 

14.  Strain  dial 

15.  Cover  plate 

16.  rtece36  in.  cover  for  cylinder 

17.  Tabls  of  testing  machine 

18.  Loading-head  of  testing  machine 
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Hveem 

A  Hveem  3tabilometer  and  Cohesiometer  were  available  for  a  short 
time  during  the  summer  of  1956  and  a  few  specimens  were  made  and  tested 
in  this  apparatus.  The  testing  procedure  is  described  completely  in 
reference  4.  Specimens  for  these  tests  were?  1/2  inches  high  and  four 
inches  in  diameter.   They  were  made  by  double-plunger  compaction  to 
controlled  density  values  of  140  and  146  pounds  ner  cubic  foot  at  an 
asphalt  content  of  6^0  percent 

Information  derived  from  this  test  series  was  the  Stabiloireter 
value,  3,  and  the  Cohesiometer  value,  C,  for  the  mixture  at  an  asphalt 
content  of  6.0  percent  and  at  li.0  and  I/46  pounds  per  cubic  foot. 
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Triaxial  Tests  -  Cent  rolled  Density  Specimens 
After  characterizing  the  r.-.ixture  by  the  tests  described  in  the  pre- 
vious sections,  a  decision  was  made  relative  to  the  asphalt  content  and 
specimen  density  to  be  used  for  all  succeeding  laboratory  specimens. 
The  results  of  the  Marshall  series,  the  triaxial  test  results,  density 
results  from  numerous  pavement  ceres  taken  in  the  past,  and  current 
Indiana  practice  led  to  a  decision  tc  rake  ail  further  specimens  at  an 
asphalt  content  of  b.O  percent  and  to  use  two  levels  of  density,  l/*0 
and  1^6  pounds  per  cubic  foot. 

Twelve  specimens  four-inches  in  diameter  and  9  l/2-inches  high  were 
made  at  an  asphalt  content  of  6.0  percent  by  the  general  procedures  out- 
lined in  the  section  on  triaxial  tests.   In  this  case,  however,  the 
cuantity  of  material  going  into  the  r.iold  was  controlled  ;o  that  when 
the  specimen  was  compacted  to  a  height  cf  9  l/2-inchea,  the  predetermined 
density  was  achieved.   By  these  methods,  six  specimens  were  made  to  a 
density  of  1/+0  pounds  per  cubic  foot  and  six  to  a  density  of  l/«6  pounds 
per  cubic  foot. 

The  specimens  were  tested  in  triaxial  compression  at  15,  30,  and 
120  psi  confining  pressure.  The  highest  confining  pressure  was  realized 
through  the  use  of  a  tank  of  compressed  nitrogen.   The  rate  of  deforma- 
tion used  was  0.02  inches  per  minute  and  the  specimens  were  tested  at 
room  temperature  which  was  in  the  range  77  _  5  °  F  during  the  test 

period. 

Data  were  derived  from  these  tests  that  were  used  to  compute 
the  cohesion  and  angle  cf  internal  friction  of  the  two  mixtures  tested. 


Variable  Specimen  \rea  Test  Series 

An  experiment  designed  to  determine  the  influence  of  the  total  area 
of  the  specimen  relative  to  the  area  being  loaded  necessitated  the  fabri- 
cation cf  specimens  all  having  the  sane  thickness  (two-inches)  but  having 
various  areas.   For  purposes  of  making  comparisons  between  test  results 
from  different-size  specimens,  all  specimens  had  tc  be  compacted  by  the 
same  means.   It  was  primarily  for  this  test  series  that  the  vibrational 
method  of  compaction  was  developed. 

Using  the  vibrational  compaction  method  and  the  equipment  shown  in 
Figure  7,  specimens  were  made  at  an  asphalt  content  of  o.O  percent  to 
densities  of  IAD  and  1^6  pounds  per  cubic  foot  in  three  different  sizes: 
8  by  8-inches,  11  by  11-inches,  and  16  by  16-inches.   An  additional  size 
of  specimen  was  obtained  by  taking  several  of  the  11  by  11 -inch  slabs 
and,  usine  an  abrasive-type  core  drill,  cutting  from  the  slab  four,  L- 
inch  diameter  by  2-inch  thick  cores.   Several  specimens  of  each  size 
and  density  were  prepared  so  that  at  least  two  replicates  of  each 
strength  test  could  be  obtained.  The  procedure  for  making  these  speci- 
mens is  outlined  in  the  section  on  vibrational  compaction.  No  diffi- 
culty was  encountered  in  controlling  the  specimen  density  and  height. 
The  procedure  developed  was  thought  to  be  highly  successful. 

These  specimens  were  all  tested  in  direct  compression  at  0. Cl- 
inches per  minute  and  at  room  temperature  which  varied  from  75  to  30°  F 
during  the  period  during  which  the  test-;  were  made. 

A  four-inch  diameter  by  one-inch  thick  steel  disc  was  used  to  trans- 
mit load  to  all  specimens.  For  the  four- inch  diameter  cores,  the 
loaded  ares  was,  of  course,  equal  to  the  specimen  area  and  the  test 
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was  simply  a  direct  compression  test  on  a  rather  thin  specimen.  "  hen 
testing  the  larger  specimens,  the  four-inch  diameter  disc  was  placed  on 
tne  center  of  the  specimen  and  these  tests  may  be  likened  to  plate- 
loading  tests  or  CBR  tests  in  that  the  specimen  was  loaded  ever  only  a 
portion  of  its  surface  area.  However,  unlike  plate-loading  or   2BR  tests, 
these  slabs  of  compressed  bituminous  concrete  ^ere  not  contained  in  a 
mold  of  any  sort  during  the  application  of  load  and  the  tests  was  carried 
out  to  a  failure  point.   ith  the  variety  of  specimen  siaes  used,  one 
."•htained  strength  results  for  specimen  area  to  loaded  area  ratios  of 
1,  5.1,  9.7,  and  20.4. 

All  but  the  lc  by  lb-inch  specimens  were  tested  in  the  Riehle 
testing  machine,   Phe  bay  of  this  machine  was  not  wide  enough  to 
accomodate  the  16  by  16- inch  specimens  so  these  were  tested  in  a  Jouth- 
wark-Tate-Smery  hydraulic -type  machine. 

From  the  complete  series  of  teats  the  effect  on  strength  of  speci- 
men area  to  loaded  area  ratio  could  be  determined. 
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Strength-Rat e-Temp'  ;rature  Series 

A  series  of  testa  on  laboratory-compacted  specimens  was  designed 
to  test  the  relationship  between  the  strength  of  a  bituminous  concrete 
and  the  variables  of  rate  of  deformation  and  temperature.  A  relation- 
ship of  the  form  log  lop  strength  -  C,  lor  rate  of  deformation  4  C 
Femperature,  wh<     1    1  Cg       :.  tants,  his  been  proposed  by 

1  [67).  ril.   :onceri       .        sphalt  mixtures 

and,  .s  has  been  stated,  a  purpose  of  the  present  investigation  was  to 
discover  whether  this  form  of  relationship  exists  for  bituminous  concrete,, 

In  this  test  series  bituminous  concrete  specimens  four-inches  in 
diameter  and  two-inches  thick  were  made  at  an  asphs Lt  content  of  six 
percent  to  a  density  of  l/*6  pounds  per  cubic  foot  by  double  plunder 
static  compaction  ind  by  vibrational  compaction.  The  vibrated  specimens 
were  cores  cut  from  11  by  11-inch  slabs  made  by  methods  previously 
''escribed. 

Compression  tests  were  performed  at  two  rates  of  deformation, 
0.2  and  0.02  inches  per  minute,  and  at  three  temperatures,  40,  90, 
and  li+0°  F.   The  tests  were  made  in  the  Riehle  testing  machine;  the 
*  emperature  of  the  specimens  was  controlled  by  immersing  them  in  a 
constant  temperature  water  bath  fcr  1/2-hour  before  and  during  the 
test  period.   For  the  tests  made  at  1,0     F,  melting  ice  was  used  to  ob- 
tain and  control  the  temperature.   For  the  tests  at  90  and  12,0  F, 
temperature  control  was  obtained  through  the  use  of  a  250  or  500  watt 
immersion  heater,  the  voltage  to  which  was  regulated  by  a  powerstat 
to  maintain  the  desired  temperature  level  in  the  bath. 

These  tests  produced  a  strength  value  for  the  bituminous  concrete 
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made  by  each  method  of  compaction  for  every  rate-temperature  combination* 
Duplicate  determinations  were  made  at  ail  levels. 
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Marshall  Comparison  Series 

Certain  indications  that  the  deformation  characteristics  of  vi- 
brated specimens  were  different  from  those  of  specimens  com]   I  i   by 
do uble-t lunger  st3tic  compaction  led  to  a  series  of  tests  in 
Marshall-si.^e  (A-inch  -iameter  by  2  l/2-inches  high)  specimens  were 
formed,  at  an  isphalt  content  of  six  percent,  by  standard  Marshall  com- 
paction, double-planner  static  compaction,  and  by  vibrational  compac- 
tion.  Again,  for  the  vibrated  specimens  an  11  by  11,  but  in  this  case 
2  1/2-inch  thick,  slab  was  forme!5,  and  from  it  cores  were  cut. 

Four  specimens  of  each  type  were  made  and  all  were  tested  at 
l.'.O''  F  in  the  Marshall  Apparatus,  stability  and  flow  data  being  observed. 
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DESCRIPTION  C  I         Hi  fl  ID  OK 
PhVIMENT  COIffio 


In  this  section,  all  details  pertinent  to  tests  on  pavement  cores 
are  described.   _>ince  ail  pavement  cores  were  obtained  in  1955,  from 
one  particular  section  of  road  on  which  some  oth-?r  experimentation  had 
been  done,  a  section  on  the  background,  construction  and  sampling  of 
this  section  of  resurfacing  is  included. 

Design  a nd  H i story  of x^erir.t/ntal  Overlay 

The  portion  of  Indiana  State  Hoari  M   from  approximately  the  north 
edge  of  Noblesville  to  the  junction  with  Indiana  State  Road  13  south  of 
Elwood  was  resurfaced  with  bituminous  concrete  binder  and  surface 
during  the  summer  of  1950.   In  order  to  study  the  effect  of  thickness 
of  lay  on  the  various  aspects  of  performance  of  the  resurfacing,  ex- 
perimental sections  of  various  thickness  were  built  into  the  project, 
"ach  of  these  sections  was  approximately  1000  feet  in  length  and  the 
thickness  designs  were  as  follows: 

a)  one-inch  of  binder,  one-inch  of  surface 

b)  one  and  one-half-inch  of  binder,  one  and  one-ha 

inches  of  surface 

c)  three-inches  of  binder,  one-inch  of  surface 
Standard  thickness  design  for  the  project  outside  of  the  experi- 
mental irea  was  one  and  one-half  inches  of  binder  with  one-inch  of 
surface. 

Sections  of  both  jointed  and  non- jointed  concrete  are  included 
in  this  part  of  S.  ;■:.  37  and  these  experimental  areas  of  various 
overlay  thicknesses  were  constructed  in  each  section  in  order  to  study 
the  effect  of  type  of  concrete  pavement  on  the  performance  of  the  re- 
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surfacing.   Thus,  six  experimental  sections,  each  1000  feet  in  length, 

were  constructed.  Other  experimental  variables  were  included  in  this 

project,  but  these  have  no  bearing  on  the  present  discussion. 

The  binder  and  surface  mixtures  used  in  this  project  were  of  the 
type  described  in  the  ''Introduction.''   The  surface  mixture  met  the 
specifications  listed  in  Table  1  and  the  aggregate  grading  was  similar 
to  that  used  for  the  laboratory-compacted  specimens  for  this  study. 
However,  the  surface  mixture- used  on  3.  R.  37  contained  seven  percent 
asphalt  compared  to  six  percent  for  the  surface  mixture  used  in  this 

t  idy.   The  binder  mixture  used  on  S.  R.  37  contained  about  5.5  percent 
asphalt. 

Crushed  stone  coarse  aggregate  from  a  source  near  Lapel,  Indiana, 
used  throughout  the  resurfacing.   The  60-70  penetration  asphalt 
cement  was  supplied  by  the  Ohio  Oil  Company.   The  fine  aggregate  was  a 
natural  sand  with  limestone  dust  being  used  for  that  portion  of  the 
rine  aggregate  passing  the  No.  200  sieve. 

3oon  after  construction  and  again  in  1952,  and  1955,  samples, 
to  be  used  to  determine  density,  were  taken  from  each  of  the  six  areas 
being  observed.   The  samples  in  any  one  section  were  taken  both  in  a 
wheel  track  and  in  the  area  between  wheel  tracks.   Much  interesting 
information  concerning  the  densification  of  a  bituminous  concrete  over- 
lay was  derived  from  these  field  test  sections.   As  the  results  relate 
to  the  problem  with  which  this  study  is  concerned,  included  in  *rpendix 
B  is  an  excerpt  of  a  report  written  by  the  author  and  W.  H.  Ctoetz  to 
the  advisory  Board  of  the  Joint  Highway  Research  Project,  Purdue 
University,  dated  September  21,  1955  and  entitled,  "Results  of  Density 
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Measurements  on  Bituminous  Concrete  Experimental  Section  -  S.  R.  37." 
It  should  be  stated  here,  however,  that  in  1955,  the  time  at  which  cores 
were  taken  from  this  pavement  for  the  laboratory  tests  herein  reported, 
density  test  results  from  all  comparable  sections  of  this  road  were 
remarkably  uniform  indicating  homogeneity  of  the  mixture  in  similar 
sections  and  all  across  the_pavement.   It  appeared  that,  as  of  the  time 
of  sampling  for  the  tests  reported,  the  location  of  the  core  within  a 
given  section  was  not  a  variable  that  needed  consideration. 

Strength-i \ ate-Temperature  3er ies 
An  investigation,  similar  to  the  one  made  on  laboratory-compacted 
specimens,  was  made  on  pavement  cores  for  the  purpose  of  determining 
the  form  of  the  relationship  between  compressive  strength  and  the 
variables  of  rate  of  deformation  and  temperature.   A  separate  test 
series  was  made  for  each  of  the  thicknesses  of  combined  binder  and 
surface  that  was  used,  i.e.;  (a)  four-inches,  composed  of  three-inches 
of  binder  and  one-inch  of  surface,  (b)  three-inches,  composed  of 

ind  one-half-inches  of  binder  and  one  and  one-half-inches  of  sur- 
face, and  (c)  two-inches,  composed  of  one-inch  of  binder  and  one-inch 

of  surface.   Three  rates  of  deformation,  0.2,  0.0;  ,  and  0 .OOP-inches 

o 
per  minute  and  three  temperatures,  M),  90,  and  1^0  F  were  included 

for  each  thickness. 

The  cores  when  brought  into  the  laboratory  had  rough,  uneven 
bottoms  which  necessitated  their  being  capped.   Plaster  of  Paris  was 
used  for  this  purpose.   The  tests  were  made  on  the  Hiehle  testing 
machine  modified  with  the  Graham  variable-speed  transmission.  Tempera- 
ture control  was  obtained  in  the  same  way  as  was  done  in  the  case  of 
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the  corresponding  tests  on  the  laboratory  compacted  sample-;;  melting 
ice  bath  for  the  tests  at  ^0°  F  and  a  water  bath  and  immersion  heaters 
for  the  tests  at  90°  and  1A0  F. 

These  tests  produced  a  strength  value  for  each  size  of  core  and 
for  each  rate-temperature  combination.  Duplicate  determinations  were 
made  at  all  levels. 

Repeated  Load  Tests 
Pavement  cores  were  subjected  to  two  types  of  repeated  load  tests 
in  the  laboratory.   The  cores  tested  were  taken  from  3.  R.  37  by  the 
means  already  described,  brought  into  the  laborat Try  and  capped  on 
the  bottom  side  with  plaster  of  Paris.   In  the  following  sections,  each 
type  of  repeated  load  test  is  described  and  the  testing  program  for 
each  type  of  test  is  outlined. 

Slow  Cycle 
The  slow-cycle,  repeated  load  tests  were  patterned  after  a  method 
devised  by  rood  (o7)  in  which  the  specimen  at  some  temperature  was 
loaded  at  a  controlled  rate  of  deformation  to  a  stress  that  was  some 
percentage,  less  than  100,  of  the  ultimate  strength  for  the  mixture 
at  the  riven  temperature  and  rate  of  deformation.   As  soon  as  this 
stress  level  was  reached,  the  load  was  removed  and  the  specimen  allowed 
to  rebound  under  no  load.   \fter  essentially  complete  rebound,  the 
cycle  was  repeated.   A  record  of  the  deformations  experienced  by  the 
specimen  during  the  various  phases  of  the  cycle  was  made  by  observing 
an  Am  ;s  dial  which  measured  movement  of  the  upper  surface  of  the 
specimen  with  respect  to  a  fixed  point.   By  this  means  information  on 
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the  total  deformation  per  cycle,  the  amount  of  rebound,  and  the  residual 
or  permanent  deformation  per  cycle  were  obtained.   The  summation  of  all 
preceeding  residual  deformation  values  measured  the  total  permanent  de- 
formation at  any  cycle  and  was  the  test  criterion  of  interest  in  this 
study. 

This  slow-cycle  test  was  performed  in  the  Kiehle  testing  machine. 
The  specimen  to  be  tested  was  supported  on  a  hydraulic  jack,  the  piston 
of  which  was  extended  to  some  degree.   Load  was  applied  to  the  specimen 
and  when  the  desired  stress  level  was  reached,  pressure  in  the  oil 
system  of  the  hydraulic  jack  was  released  by  opening  a  valve.   This 
caused  almost  instantaneous  release  of  the  load  on  the  specimen. 

ight  pavement  cures  were  tested  in  this  apparatus  before  it  was 
decided  to  concentrate  efforts  n  the  rapid-cycle  repeated  load  test 
described  in  tne  next  section.   The  slow-cycle  tests  were  all  performed 
it  -Vj     F  and,  from  the  results  of  the  tests  in  the  strength-rat e-tempera- 
ture  series  for  cores,  the  ultimate  strengths  of  the  tworthree-,  and 
four-inch  cores  at  30'  F  and  a  deformation  rate  of  0.02-inches  per 
minute  were  calculated.   In  the  slow-cycle,  repeated  load  series,  it 
was  originally  intended  to  test  each  size  of  core  at  25,  50  and  75  per- 
cent of  its  ultimate  strength,  but  the  full  test  series  was  not  completed. 
The  tests  performed  in  this  series  were  as  follows: 

Four-inch  cores  -  two  at  75  percent  and  two  at  50 
percent  of  ultimate  strength. 

Three-inch  cores  -  one  each  at  75,  50  and  25  percent 
of  ultimate  strength. 

Two-inch  cores  -  one  at  25  percent  of  ultimate  strength. 
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The  data  on  cumulative  permanent  deformation  were  j lotted  versus 

trie  num'ter  of  load  repetitions  or  cycles,  a  plot  on  log-log  paper 

appearing  to  be  the  most  useful. 

Rapid  Cycle 

Apparatus  was  devised  by  Havers  (19)  for  a  study  on  soils  which 
would  permit  the  rapid  application  and  release  of  load.   It  was  though 
that  this  apparatus  could  be  adapted  for  use  in  the  present,  study  to 
i ive  j  cycle  that  might  be  comparable  in  intensity  and  time  of  load 
application  to  a  service  condition  on  an  open  highway.  Basically,  this 
apparatus  consisted  of  an  air  motor  mi  ..   d  in  a  loading  frame.  Suit- 
able valves  and  controls  .ore  present  to  admit  compressed  air  to  the 
air  motor  for  a  time  interval  that  coulo  be  pre- set.   The  load  was 
transmitted  from  the  air  motor  to  a  shaft  which  transmitted  load  to  a 
plate  which  rested  on  the  specimen  to  be  tested.   At  the  end  of  the 
pre-s<?t  time  interval,  during  which  the  load  was  maintained  constant, 
the  inlet  air  line  to  the  motor  closed  and  an  sxhaust  valve  opened 
which  released  the  air  and  hence  [uickly  removed  the  lord  from  the 
specimen.   A.fter  another  time  interval,  which  could  also  be  pre-set, 
the  cycle  was  repeated. 

The  above  describes  the  basic  operation  of  the  equipment.  Havers 
(19)  described  the  components  of  the  equipment  as  follows  (parenthetcal 
expressions  inserted  by  this  writer): 

"Compressed  air  at  ICO  to  110  psi  outlet  pres- 
sure was  supplied  by  a  Gardner-Denver  model  329  LT  air 
compressor,  powered' by  a  7  1/2  hp.  electric  motor.   From 
the  compressor  tank  a  one-inch  diameter  galvanized  pipe 
led  through  an  air  line  filter  to  remove  moisture  and  any 
foreign  particles  from  the  air,  and  thence  into  a  Grove 
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GB  J,U7-0L.   Powreactor  Don-  pressure  regulator.  This  regula- 
tor, of  the  diaphragm  type  was  found  tc  regulate  the  outlet 
pressure  [uite  accurately  while  still  permitting  the  sudden 
and  intermittent  flow  of  air  required  to  produce  the  repeti- 
tive type  of  loading, 

"From  the  pressure  regulator  the  line  passed  through 
an  air  line  Lubricator  and  branched  to  enter  two  Bellows  A.SSV 
}/U   Bel-Air  electrically-controlled  valves,  each  of  which 
was  connected  to  one  end  01    a  Bellows  3002  F3  Tower  Dome  air 
cylinder.   This  cylinder  was  mounted  vertically  to  the  upper 
platen  of  the  loading  frame  and  afforded  i  downward  stroke 
of  from  zero  to  two-inches  for  the  loading  piston.   A  loading 
head  attached  to  the  loading  piston  applied  load  directly  to 
the  samples  .  .  .  placed  on  the  lower  platen  beneath,  the  air 
cylinder,   (For  the  present  study,  3  ball  attachment  was  screwed 
on  to  the  bottom  of  the  leading  piston  and  a  four-inch  diameter, 
one-inch  '-hick  stainless  steel  disc  lay  on  top  of  the  specimen. 
This  disc  had  a  socket  machined  in  the  center  of  the  top  surface 
to  receive  the  ball).   The  total  loud  which  was  apriied  could 
be  control] ed  by  adjusting  the  Powreactor  pressure  regulator, 
while  both  the  duration  of  load  and  time  interval  between  suc- 
cessive load  ■'    plications  could  be  regulated  through  the  Eel-/  ir 
valve;  by  means  of  on  Agastat  DED-11  double-acting  timer  .  .  . 
Manual  valves  ind  switches  were  so  arranged  that  one  Bel -Air 
valve  could  be  removed  from  the  system  if  desired,  resulting  in 
a  single-acting  stroke  of  the  loading  piston  rather  than  its 
normal  reciprocating  actio:  .   (The  single-acting  stroke  was  the 
one  used  in  the  present  study.) 

"The  Grove  regulator  could  be  adjusted  to  approximately 
the  desired  pressure  for  any  test  series  by  observing  a  dial 
(pressure]  gauge  connected  directly  to  the  pressure  dome  of  the 
regulator  .  .  .  . " 
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To  measure  the  deflections  that  were  of  interest  in  the  present 
study,  movement  of  the  loading  pistcr.  was  measured  through  the  use  of 
a  Gchaevitx  Model  .04-0-. 04  Linear  Variable  Differential  Transformer 
(L.V.D.T.),  the  voltage  output  from  which  was  passed  through  a  Erush 
model  3L-320  Universal  Analyzer  and  recorded  di.-ectly  as  a  deflection- 
time  curve  on  a  I?ruoh  model  3L-292  oscillograph.   The  core  of  the  trans- 
former  was  mounted  on  trie  loading  piston  while  the  coil  was  mounted 
on  an  arm  fixed  tc  the  loading  frame.   As  the  cumulative  permanent 
deflection  in  any  given  test  might  be  expected  to  exceed  O.C^-ir.ches, 
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the  range  of  the  I.  V.   D.  T.  in  one  direction,  the  cere  of  the  transformer 

was  actually  mounted  on  the  end  of  a  brass  rod  the  other  end  of  which 
rested  on  the  end  of  a  micrometer  screw.  This  micrometer  screw  in  turn 
was  attached  to  the  loading  piston  so  that  actually  say  vertical  move- 
ment of  the  loading  piston  resulted  in  the  same  vertical  movement  of  the 
core  of  the  transformer.   This  arrangement  enabled  one  to  extend  the  use- 
ful r  e.te  o^  the  transformer  because  when  the  permanent  deflections  had 
accumulated  tc  the  point  where  the  core  was  near  its  extreme  limit,  the 
micrometer-screw  could  be  turned  so  that  the  core  was  moved  back  up  into 
the  coil.  Leadings  on  the  micrometer  screw  told  how  much  the  core  had 
tc  be  reset  at  any  given  time  and  this  factor  was  simply  added  to  all 
further  deflections  measured  on  the  oscillograph. 

The  apparatus  used  for  the  rapid-cycle  repeated  load  tests  is  shown 
in  Figure  9.   For  clarity,  the  apparatus  is  shown  without,  the  water  bath 
which  was  used  to  control  the  temperature  of  the  specimen.  The  numbers 

on  the  Figure  are  explained  in  the  key  on  the  page  following  the  figure. 

o        ° 
All  three  sizes  of  cores  were  tested  at  40  and  1A0  F  and  at  con- 
tact pressures  of  100,  150  and  200  psi  in  the  rapid-cycle  repeated  load 
test.   For  all  tests,  the  load  duration  and  interval  between  loads  was 
kept  constant  at  0.3  and  4.0  seconds  respectively.  The  tests  were 
carried  out  to  failure,  a  criterion  for  which  is  explained  in  the 
section  on  RESULTS,  or  to  2000  cycles.   A  few  of  the  tests  were  con- 
tinued somewhat  beyond  2000  cycles. 

The  following  is  the  stepwise  procedure  that  was  used: 
1.   The  bridge  circuit  of  the  .analyzer  was  balanced  by  removing 
the  transformer  output  leads  from  the  bridge  and  inserting  leads  to 
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FIGo  9  RAPID=CICLE  REPEATED  LOAD  TEST  APPARATUS 
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an  \C   voltmeter  in  their  place.   The  balance-knobs  of  the  analyzer  were 
adjus  ,ed  until  there  was  aero  voltage  n  the  bridge  .   rhis  is  a  rather 
crucial  operation  for  this  type  of  measurement  because  if  proper  balance 
is  not  achieved,  the  oscillograph  will  not  show  a  linear  calibration. 
It  was  found  that  this  had  to  be  done  only  once  for  ail  the  tests  that 
were  performed. 

2.  Trie  specimen  was  put  in  place  in  Lhc  water  bath  on  the  lower 
platen  and,  before  the  specimen  changed  in  temperature  appreciably 
fro.ii  that  of  the  room,  one  cycle  of  a  f>0  psi  seating  load  was  applied. 
The  air  pressure  was  then  adjusted  by  manipulation  of  the  regulator 

to  the  desired  level  for  the  test.  The  specim  .  \s  brought  to  the 
test  temperature  (80  or  140°  F)  and  remained  there  for  a  minimum  of 
30  minutes  before  the  test  was  begun. 

3.  Just  prior  to  starting  the  loading  cycles,  the  transfi  rmer 
core  was  moved  up  into  the  coil,  the  c  itput  from  the  transformer  placed 
back  across  the  bridge  of  the  analyser,  l;   Lhe  core  was  moved  into  its 
center  (null)  position  by  manipulation  of  the  micrometer.   This  point 
was  reached  when  the  voltmeter,   still  across  the  bridge,  again  showed 
aero  voltage.   \t  this  point,  the  micrometer  was  read  and  the  voltmeter 
was  disconnected. 

U.      The  knob  controlling  the  i\C  gain  on  the  analyzer  was  adjusted 
so  that  the  pen,  when  starting  from  one  side  of  the  oscillograph,  would 
travel  to  the  opposite  side  when  the  core  moved  downward  a  distance  of 
0.0Z*  inches.   A  calibration  of  one  division  en  the  oscillograph  equal 
to  one  thousandth  of  an  inch  movement  of  the  core  was  the  most  conveni- 
ent and  was  sought,  not  always  successfully,   V:  the  core  was  moved 
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ring  this  calibration,  it  was  returned  to  null  by  moving  the  micrometer 
to  the  null  reading  previously  taken, 

5.  The  test  was  started.  This  was  accomplished  by  starting  the 
recording  oscillograph  and  clo  In;  th<    nn  line  switch,  controlling  the 

The  oscillograph  wa:  left  running  so  that  =   ictu  >-■   of  the 
first  rorty  or  fifty  cy  .     a    o)   joined  md  then  It  was  turned  en 
periodically  to  monitor  the  action  tt  intervals  during  the  test,  'hen 
the  permanent  deformation  of   the  specimen  ipproached  0.0k   in  I  : s ,   the 
cere  was  brought  >ack  toward  null  by  turning  the  micrometer  screw.  The 
micrometer  reading     recorded  on  the  i  >cillograph  paper  at  the 
Lnt  cf  change.   This  process  w^s  repeated  whenever  necessary. 

•  .   ifter  the  specimen  failed,  or  200C  cycles  were  reached,  the 
test  was  discontinued.   The  record  nn  t  \  ■   praph  paper  fror  the  oscillo- 
graph furnished  the  data  for  tabulating  the  cumulative  permanent  .eforma- 
i.on  at  various  numbers  of  cycle  - 
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This  study  was  divided   into  two  ions,      In   one,    1 

tests  of    various   tyj  .is  were   ,^rr  n  si  jcimenE     lOlded    in  the 

tory.      [n  thi  »ej  I  losd  tests  vei 

I  i  L<;n,   the  resu]  tests  i 

laboratory    -   m]    d  pecimen  eported. 

The      ssts  on  lal     •   tory-  ict<  <       su   -divided    in 

tests   use  :   -.  berixe   the      Lxtui  ,      vi  ■.  cial   test: 

t  -    .  .  iities,      tr     s?th-r   *    -  .  -  •  I  I  .    wnriR 

spec  i  its,   and  tesl       ■      paring  Marshall  results  for  speci- 

re.at  !  3th  ds.      Both  tables  fir; d      L.?ui 
:       '  i'.ilr.s  in  t.ni  ction, 

3  to 

■  haricteri/.M  u  n   I  ssts  were   :  2rf<  med  1      provide 
Lnf  e  ch  .  .  .,'  t     ting.      The 

tests         -  :ommonly-ei  Laborat    ry   strengtl    '         ...   i.    e., 

Marshall,      ST1  T  ,   triaxi       .      i       ..-.    em.      Ihi  .It?  of 

9  tests  v/c  ild  be  exj  provide      iif    •  it:-   inforrnati    ■ 

'  v  Les    " '"  the    mi   '  \T"   i;,   familiar  tern    . 
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Marshall 

The  results  nf   the  Marshall  tests  on  the  bituminous  concrete  mix- 
ture, with  asphalt  contents  ranging  from  ...0  Lo  7.0  percent,  ure  shown 
in  Table  3.   Also  included  in  Table  3  is  the  percent  voids  in  the  mixture 
and  the  percent  aggregate  voids  filled  with  asphalt  for  the  mixture  at 
each  asphalt  content.   These  values  were  calculated  using  the  ASTF 
apparent  specific  gravity  values  for  the  aggregates  as  listed  in  the 
section  on  "Materials." 

Figure  10  shows  the  usual  curves  user!  in  the  porps  of  Engineers 
design  method  using  Marshall  test  results.  P.y   this  system  an  asphalt 
content  or   5.6  percent  would  be  selected  for  ust  .   However,  it  should 
be  recognized  that  the  aggregat  ■   gradation  used  for  this  bituminous 
concrete  does  not  meet  the  specifications  of  the  Corps  of  Fngineers 
and  strictly  speaking,  their  design  method  does  not  apply.  The  material 
is  included  only  for  background  information  on  the  mixture. 
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ASTM  Direct  Compression 
The  ASTM  direct  compression  test  results  are  given  in  tabula 
in  Table  U.     These  results  are  also  plotted  snd  shown  in  Figure  11. 
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Table  k 
Results  of  ASTK  Direct     lompression  Tests 
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Triaxial  Test s 

The  results  of  the  triaxial  tests  are  shown  in  Tables  5  through  7 
and  in  Figure  12.   Table  5  contains  the  density  values  and  total  stress 
at  failure  for  the  specimens  compacted  to  a  contact  pressure  of  2000  psi. 
Table  6  contains  the  corresponding  information  for  the  specimens  compacted 
to  a  contact  pressure  of  2500  psi  (these  will  !^e  referred  to  as  "loose" 
and  "dense"  specimens), 

Kohr  rupture  envelopes  were  derived,  using  the  information  contained 
in  Tables  5  and  6,  for  each  mix  at  each  asphalt  content.  The  values  for 
cohesion  ind  angle  of  internal  friction  sc  calculated  are  shown  in  Table 
7.   The  information  found  in  Table  7  is  displayed  graphically  in  Figure 
12. 
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Table  6 

Trlaxia]    Test  Results 
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Specimens   Compacted    I      ..■    Dontact  Pressure  of   2500  psj 

(Dor.  3c) 


Spec. 

:  i     . 

Number 

Per     .  1 

1 

_ 

Avg. 

. 

3 

4 

^vg« 

5 

i 

. 

so 

7 

s 

rg, 

■ 

1C 

■ 

11 

12 

■'    . 

. 

13 

• 

14 

iVg, 

. 

15 

16 

fl 

'  Vf>> 

f  •  '-' 

Unit      t. 

Confining 

of  Mi            , 

Pressure 

lbs.    |    r  ft.'' 

14?. 5 

11.:  ■ 

15 

141.9 

.1 

:.0 

30 

144.1 

14  . 

:/ 

144.7 

144..1 

1 44  •  4 

i 

i  .4 

H6.4 

i4<  .4 

15 

Li*5.9 

1/,  5.6 

14^.2 

30 

L'+6, 

,  ,  r,     -j 

■■      ■ 

15 

148.7 

147.5 

14  5.0 

rota]    Stress 
At     Fail  <j  re 


1 56 

I 

219 

221 

156 
149 

152" 

133 
124 
128 

16;: 
176 

169 


7C> 


Table  7 

Triaxial  Test  Results- 
Cohesion  and  Angle  of  Internal  Fricl 
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TRIAXIAL  TEST    RESULTS- CHARACTERIZATION    SERIES 
COHESION   AND  ANGLE   OF  INTERNAL    FRICTION    VERSUS 

ASPHALT    CONTENT 


(/) 


sr 

•dU 

(Y 

lU 

111 

it 

h- 

o 

7* 

UJ 

Q 

JL. 

i 

o 

z 

o 

LU 

_l 

h- 
o 

2 

q: 

< 

U. 

45r 

40- 
35 
30 
25 


"LOOSE 


"DENSE" 


J_ 


_L 


4  5  6  7 

ASPHALT    CONTENT-   PERCENT 


30 
25L 


-    20- 
a. 


15- 


z 
o 

v)     10 

LU 

I 

O       3 

0 


^V 


"DENSE" 


"LOOSE" 


4  5  6  7 

ASPHALT    CONTENT   -  PERCENT 

FIG.  12 


77 
Hveem 
The  data  obtained  from  the  Hveem  Stabilometer  and  Cohesinraeter 
tests  ,-/er;i  used  to  calculate  stability  and  Cohesiometer  Value?  accord- 
ing to  the  equations  of  Hveem  (L) .   It  was  found  that  the  bituminous 
concrete  containing  o.O  percent  asphalt  and  compacted  to  a  density  of 
1/+0  pounds  per  cubic  foot  had  a  Stability  of  20.3  and  a  Cohesiometer 
valu3  of  164.   The  same  mixture  compacted  to  a  density  of  1L.6   pounds 
;  r  cubic  foot  had  a  Stability  of  2§.8  and  a  Cohesiometer  value  of 
267. 
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Triaxial  Tests-Controlled  Density  Specimens 
The  results  of  the  triaxial  tests  on  specimens  marie  at  an  asphalt 
content  of  6.0  percent  and  to  controlled  density  values  of  1L0   and  1^6 
pounds  per  cubic  foot  are  given  in  Table  3.  These  results  were  plotted 
as  shown  in  Figure  13  and  the  cohesion  and  angle  of  internal  friction 
for  the  mixture  at  each  density  was  computed.   The  cohesion  and  angle 
of  internal  friction  results  .ire  also  shown  in  Figure  13. 
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Table  3 
Results  of  Triaxial  Tests  on  Controlled  -  Denuity  Specii 
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v,r-i,hl.  Snur.iiwn  Area  Test  5erle3 
Specimens  containing  6.0  percent  asphalt  were  made  by  'vibrational 
compaction  to  density  values  of  1,0  and  U6  ponnds  per  cubic  foot.  These 
specimens,  all  two-inches  thick,  were  made  fonr-inches  i.  diameter, 
8  x  »  i^hes,  11  ,   11  inches,  and  16  x  Ibinches.  They  were  all  loaded 
in  compression  with  a  four-inch  diameter  circular  bearing  plate  and 

tested  to  failure. 

The  results  of  these  tests  are  shown  in  Table  9.   In  Figure  H, 
the  strength  values  of  the  various-si.e  specimens  are  shown  plotted 
against  the  ratio  of  the  area  of  the  specimen  to  the  loaded  area. 


32 


Tible  9 
Compression  Test  rtesults-Two-Inch  Thick  Slab  Specimens 
Variable  Specimen  Area  Test  Series 


Specimen 

Un 

it  Weight 

Number 

of  Mix     -, 

and  Size 

lb 

s   per  ft" 

1-/!+  in.   dia. 

?-     " 

Avg. 

140 

1-3x3  in. 

2-   " 

Avg. 

140 

1-llxll  in. 

2-  " 

Avg. 

140 

1-16x16  in. 

2-   " 

Avg. 

140 

1-4  in.   dia. 

2-  " 

•  vg. 

146 

1-8x8  in. 

::-  « 

3-  " 

,vr. 

146 

1-llxll   in. 

2-  » 

3-  " 

■vg. 

146 

1-16x16  in. 

2-  M 

Avg. 

146 

Total  Load         Failure  Load 
Specimen    '-rep.  At   Failure  Loaded  Area 

Loaded  Area  lbs  psi 


2410  192 

2240  l_7_i 

1.0  232  5  185 

6000  477 

5900  470 

5.1  5950  473 

7200  575 

222P  £81 

9.7                          7250  57? 

7610  606 

7720  614 

2C.4                              76"60  6H) 

2  330  229 

3050  24J 


1.0  29b5  23 

6330  50S 

6300  541 

6300  J41 

5.1  6660  530 

3600  685 

9700  773 

8400  670 

9.7  8900  709 

9530  763 

10,020  797 

20.4  9750  730 


< 

UJ 

CO 

UJ 

or 
< 

or 

Q 

UJ 

LU 

to 

Q 
< 

o 

< 

_l 

UJ 

cr 

o 

< 

1- 

z 

< 

UJ 

LU 

5 

or 
< 

o 

UJ 
0- 

co 

UJ 

5 

o 

UJ 

_j 

Ul 

o_ 

CO 

OQ 

< 

u. 

cr 

O 

< 

> 

O 

i- 

1 

< 

c/) 

or 

H- 

_J 

CO 

3 

> 

CO 

UJ 

X 

or 

i- 

C9 

i- 

Z 

co 

UJ 

UJ 

or 

»- 

CO 

z 

UJ 

o 

> 

CO 

CO 
CO 

CO 

UJ 

UJ 

or 

or 

Q. 

Q. 

5 

o 

o 
o 

o 

to 


1 

1 

i                 i 

o 

o 

o             o 

o 

o 

o             o 

00 

r- 

(X)                   m 

ISd  -H19N3M1S 

3/ 

33 


< 

UJ 

<f) 

or 

UJ 

< 

cc 

Q 

UJ 

UJ 

<f) 

< 

O 

< 

_l 

UJ 

cc 

o 

< 

(- 

z 

< 

Ll) 

UJ 

s 

< 

o 

UJ 

a. 

z 

UJ 

2 

o 

UJ 

_i 

UJ 
0. 
CO 

CD 

< 

u. 

CC 

o 

2 

o 

I- 

1 

< 

(O 

or 

»- 

_) 

1/5 

3 

> 

to 

UJ 

X 

or 

t- 

o 

H 

z 

in 

UJ 

t- 

UJ 

z 

UJ 

o 

> 

en 

CO 
in 

in  uj 

UJ  cr 

o  ° 
o 


1- 
d 


or 

<i 

Q 
UJ 
Q 
< 
O 


cr 
< 

z 

UJ 

o 

UJ 

a. 
en 

u. 
o 

o 


C5 

u. 


-  s 


O 
O 

co 


o 
o 


o 
o 
to 


o 
o 


o 
o 


o 
o 

fO 


o 
o 

CM 


o 
o 


ISd  -HJ.9N3blS     3AISS3HdWO0 


i  i  m 


Strength-Rate-Temperature  Series 

The  results  of  the  series  of  tests  which  were  performed  to  determine 
the  relationship  between  the  strength  of  a  thin  specimen  of  bituminous 
concrete  and  the  factors  of  rate  of  deformation  and  temperature  are 
shown  in  Table  10. 

During  this  test  series  it  appeared  as  if  the  specimens  made  by 
vibrational  compaction  were  different  from  the  specimens  made  by  double- 
plunger  static  compaction  with  respect  to  strain  properties.  The 
values  for  total  strain  at  failure  for  these  specimens  are  included, 
in  Table  10. 
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Marshall  Zomp  >r  is  on  oeries 
Indications  that  the  deformation  characteristics  of  vibrated  speci- 
mens were  different  from  those  of  specimens  compacted  by  double-plunger 
static  compaction  led  to  a  series  of  teats  in  which  Marshall-size  (k- 
inch  diameter  by  2   1/2  inch;.:  high)  specimens  were  formed,  it  an  asphalt 
content  of  6.0  percent,  by  standard  Marshall  compaction,  double-plunger 
static  compaction,  and  by  vibrational  compaction.   Four  specimens 
each  type  were  rn       I    *d  in  the  f  iratus.   The  results 

of  these  tests  ire  presented  in  Table  11. 


Table  11 

Test  Results  From 
Marshall  Comparison  Series 
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-  3ULTS  OF  T      N  PAVEMENT  COR 
Pavement  cores  were  tested  to  failure  in  direct  compression  at 
various  temperatures  and  rates  of  deformation  in  order  to  establish 
a  relationship  among  these  factors.   In  addition,  two  types  of  repeated 
load  tests  were  used  to  study  pavement  cores. 

The  results  of  each  of  these  test  series  are  presented  in  tabular 
and  praphic  form  in  this  section. 

Strenrth-itTte-Temperature  aeries 
Compression  tests  were  made  on  pavement  cores  two,  three,  and  four 
inches  thick.  These  tests  were  made  at  three  different  temperatures 
(Z*0,  90,  and  110°  p)  and  three  different  rates  of  deformation  (0.2, 
.  ?,   and  0.002  inches  per  minute).  Two  cores  were  tested  at  each 
combination  of  conditions.   The  results  of  the  tests  are  shown  in 
Table  12. 
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Repeated  Load  Tests 

In  this  study  two  types  of  repeated  load  tests  were  made  on  pave- 
ment cores.   In  the  first  type,  loads  representing  75,  50,  and  25  per- 
cent of  the  ultimate  strength  of  the  core  at  a  temperature  of  30  F  and 
a  rate  of  deformation  of  0.02  inches  per  minute  were  repeatedly  imposed 
upon  specimens  at  this  temperature  and  at  this  rate  of  deformation. 
The  cumulative  permanent  deformation  was  noted. 

The  second  series  of  repeated  load  tests  employed  a  different 
concept  of  loading  from  the  first.   For  this  series,  the  total  load  was 
applied  almost  instantaneously  for  a  period  of  0.3  seconds  and  then 
released.   The  time  interval  between  loadings  was  four  seconds.   The 
teste  were  made  at  applied  stresses  of  100,  150,  and  200  psi,  each  at 
a  temperature  of  30  and  lh0°   F  for  all  three  core  thicknesses.   As  in 
the  case  of  the  first  type  of  repeated  load  test,  a  record  of  the  cumu- 
lative permanent  deformation  was  kept. 

Slow  Cycle 

A  total  of  eight  pavement  cores  were  tested  by  the  slow-cycle 
method.  As  this  method  of  test  is  rather  time-consuming,  the  number 
of  cycles  that  one  may  obtain  in  a  day  is  rather  limited.   No  more  than 
fifty  cycles  were  obtained  for  any  core  in  this  test  series  and  several 
tests  were  terminated  with  a  smaller  number  being  obtained. 

Wood  (o7)  reports  that  for  his  test  results  a  ".  .  .  plot  of 
permanent  deformation  versus  number  of  load  applications  starts  out 
as  a  straight  line  on  a  semi-logarithmic  plot  in  all  cases.   At  some 
stage,  dependent  upon  the  applied  stress  and  the  numrer  of  load 
applications,  the  plot  deviates  sharply  from  the  straight  line.  The 
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point  at  which  this  deviation  from  linearity  occurred  was  selected  as 
the  point  of  failure  ..." 

The  approach  used  by  \'ood  was  the  one  chosen  as  a  first  attempt 
in  plotting  the  repeated  load  test  data  collected  in  the  present  study. 
Several  of  the  slow-cycle  repeated  load  tests  were  plotted  this  way  and 
these  results  are  shown  in  Figure  15.  The  pattern  appeared  to  be 
similar  to  that  found  by  ','ood.  However,  when  the  results  cf  the  rapid- 
cycle  repeated  load  tests  were  analysed,  it  appeared  that  a  better 
interpretation  of  the  data  would  be  a  plot  of  logarithm  cumulative  perma- 
nent deformation  versus  logarithm  number  of  load  applications.   For  all 
the  repeated  load  tests  per  ormed  for  this  study,  a  plot,  of  this  sort 
has  an  initial  linear  :  ortion.   In  addition,  it  was  liscovorec  in  the 
rapid-cycle  test;.-  that  a  criterion  for  failure  could  also  be  derived 
from  this  plot. 

The  results  cT   the  slow-cycle  repeated  load  tests  are  shown  in 
tabular  form  in  Table  ."?1  which  appears  in  Appendix  A.   Figure  15  shows 
the  results  of  four  of  the  tests  plotted  in  the  form:  cumulative 
permanent  deformation  versus  logarithm  number  of  load  applications. 
In  Figures  lo  and  1?  the  results  of  all  of  the  tests  are  shown  plotted 
graphically  in  the  form:  logarithm  cumulative  permanent  deformation 
versus  logarithm  number  of  load  applications. 
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Rapid  Cycle 

The  rapid-cycle  repeated  load  tests  were  carried  out  to  failure  or 
to  2000  load  applications.   Failure  was  defined  as  upward  deviation  from 
linearity  of  a  pJot  cf  log  cumulative  permanent  deformation  versus  log 
number  of  load  applications. 

The  test  results  are  tabulated  in  Tables  22  through  27  in  Appendix 
A  and  are  also  shown  graphically  in  Figures  1^  through  27.   Figures  13, 
20,  21,  23,  24  and  26  show  log-log  plots  for  results  of  tests  on  the 
two-  and  four-inch  cores.   Figures  19,  22,  and  25  show  semi-log  plots  for 
some  of  the  same  results.   Figure  ''  is  a  log-log  plot  of  cumulative 
permanent  deformation  versus  number  of  load  applications  showing  all  the 
test  results  from  the  tests  on  three-inch  thick  cores. 
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DISCUSSION  OF  RESULTS:  LABORATORY-COMPACTED  SPECIMENS 
This  section  contains  a  discussion  of  the  results  of  the  tests  per- 
formed on  laboratory-compacted  specimens.   It  is  sub-divided  into  sec- 
tions dealing  v:ith  the  results  of  each  of  the  five  series  of  laboratory 
tests  that  were  performed.   These  five  test  series  were:  a)  Characteriza- 
tion Tests,  b)  Triaxial  Tests  on  Controlled  Density  Specimens,  c)  Variable 
Specimen  Area  Test  Series,  d)  Strength-Rate-Temperature  series,  and  d) 
Marshall  Comparison  Series. 

Characterization  Tests 


The  results  of  the  tests  used  to  characterize  the  bituminous  concret. 
were  within  the  ranges  that  one  would  normally  expect  with  the  possible 
exception  of  the  results  from  the  Kveem  Stabiloneter  and  Cohesiometer 
tests.   The  Marshall  test  results  interpreted  according  to  the  Corps 
of  "ngineers  design  procedure,  indicated  that  a  satisfactory  mixture 
might  be  made  from  the  aggregate  blend  used,  but  one  cannot  make  this 
statement  with  certainty  because  the  gradation  of  the  blend  Hoes  not 
meet  the  specification  of  the  Corps  of  Engineers  and,  strictly  speaking, 
the  design  criteria  cannot  be  said  tc  apply  in  the  present  case. 

The  triaxial  test  results  show  the  usual  pattern  first  established 
by  Cnen  ('■?).   Plotting  the  cohesion  and  angle  of  internal  friction  values 
obtained  from  these  tests  on  the  Asphalt  Institute's  "Tri«xial  "valuation 
Chart"  (3),  one  finds  that  the  mixture,  both  loose  and  dense  and  at 
every'  asphalt  content  tested,  is  rated  as  satisfactory.   Similar  re- 
sults have  been  obtained  in  the  past  (8,    20,  3k). 

It  might  be  mentioned  that  the  author  does  not  recommend  rreparing 
specimens  for  the  triaxial  test  by  compacting  to  a  fixed  contact  ires- 


107 
sure.   Previous  experience  and  experience  rained  during  this  study  has 
shown  that  sonewhat  erratic  compression  test  results  are  obtained  from 
specimens  prepared  in  this  way.   A  better  method  seems  to  be  to  compact 
to  a  fixed  density.   In  this  way,  variations  in  the  temperature  of  the 
mixture  at  the  time  of  compaction  do  not  appear  to  influence  the  strength 
results  obtained  from  the  specimens. 

The  Hveem  test  results  pose  a  oroblem  in  interpretation.  Most 
organizations  that  use  the  Stabilometer  and  Oohesiometer  specify 
minimum  values  of  S  =  }0   or  35  and  C  -  50  for  a  satisfactory  mixture. 
Neither  mixture  tested  met  the  minimum  stability  requirement  of  30. 
The  1L0   pounds  per  cubic  foot  mixture  had  an  S  value  of  20.3  and  the 
146  pounds  per  cubic  foot  mixture  had  an  o  value  of  ?5.^.   However, 
both  mixtures  were  apparently  high  in  C,  having  values  of  164  and  267 
respectively. 

The  author  has  mixed  feelings  abcut  this.   He  was  anything  but 
expert  in  performing  these  tests  and  the  possibility  exists  that 
made  mist  ikes  in  procedure.  On  the  other  hand,  the  results  may  ; 
entirely  valid  and  if  so,  application  of  the  Hveem  test  would  appear 
to  warrant  further  study.   In  any  case,  at  the  pre  ent  writing  Hveem 
tests  on  some  Indiana  binder  mixtures  are  in  progress  and  the  results 
may  shed  some  light  on  the  matter. 
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Triaxial  ".'-..■■ts  -  ;■  ■utrolled|  Density  3r"cimens 

It  appears  that  up  to  a  confining  pressure  of  IPO  psi  at  Is  ist,  the 
Mohr  rupture  envelope  for  triaxial  tests  on  the  bituminous  concrete  i  i  - 
ture  used  in  this  study  is  linear  (Figure  13).   This  statement  probably 
should   •  modified  to  include  only  the  type  of  triaxial  test  performed 
in  this  study.   That  is,  j  instant  rate  of  deformation  test  ai  C.02 
inches  oer  minute  .and  at  a  temperature  of  about  30°  F.   However,  some 
luthors  (39)  have  speculated  on  curved  envelopes  ind  v-r-j   little  experi- 
mental datn  have  been  ivailable  for  c  .  "':  hag  pressures  above  60  psi. 

The  advantages  of  high  pressure  tests  are  apparent  from  Figure  13. 
If  one  agrees  that  the  envelope  of  circles  is  linear  tc  120  psi  and  that 
knowledge  of  slope  and  intercept  of  this  envelope  is  desirable,  it  is 
evident  that  one  should  obtain  test  results  over  as  large  a  range  in 
confining  pressures  as  possible,  'when  values  are  obtained  only  at  15 
and  30  psi,  the  results  need  vary  only  slightly  to  obtain  rather  large 
errors.   In  addition,  it  may  be  that  the  experimental  error  is  a  greater 
percentage  of  mean  compressive  strength  at  15  psi  than  it  is  for  the 
mean  compressive  strength  at  120  psi. 

3oth  of  the  mixtures  tested  in  this  series  would  plot  in  the 
satisfactory  region  of  the  Asphalt  Institute's  ''Triaxial  Evaluation 
Chart"  (3)  previous]/  mention  ad.  The  results  from  the  controlled- 
den3ity  tests  are  comparable  to  those  results  obtained  from  the  mixtures 
containing  6.0  percent  asphalt  that  were  tested  in  the  characterization 
series.   Density  differences  exist  between  series  and  the  results  must 
be  compared  with  this  in  mind. 
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Variable  Specimen  '.rca  Tost  Series 

Rather  large  increases  in  load-carrying  capacity  or   the  bitumin- 
ous concrete  were  observed  for  two-inch  thick  specimens  having  succes- 
sively larger  areas  in  the  Variable  Specimen  \rea  Test  Series.   In  terns 
of  total  stress  applied  to  the  specimen  through  the  four-inch  diameter 
plate,  the  mixture  compacted  to  a  density  of  l/;6  pounds  per  cubic 
foot  failed  at  an  applied  stress  of  236  psi  when  it  was  in  the  form 
of  a  two-inch  thick  four-inch  diameter  core.   However,  the  same  mixture 
compacted  to  the  same  density  and  thickness  but  in  the  form  of  a  speci- 
men 16  by  16  inches  square  failed  tit  an  applied  stress  of  730  psi. 
Corresponding  values  for  the  mixture  compacted  to  a  density  of  HO 
pounds  per  cubic  foot  are  135  and  610  psi  respectively. 

Reference  to  Figure  1/+  shows  that  the  stress  required  to  cause 
failure  increased  by  a  factor  of  about  2  or  2  1/2  between  specimens 
having  a  ratio  of  specimen  area  to  loaded  area  of  one  (4-inch  diameter 
specimens)  and  those  having  a  ratio  of  %1  (3  by  3-inch  slabs).   How- 
ever, further  increase  in  specimen  size  to  11  by  II  inches  produced 
a  somewhat  smaller  increase  in  stress  for  failure.  Finally,  it  appears 
that  the  limiting  conditions  3re  approached  for  .-pecimens  16  by  16 
inches  in  size.  That  is,  based  on  the  shape  of  the  curves  shown  in 
Figure  1/,,  one  would  predict  that  very  little  difference  in  the  stress 
required  to  cause  failure  would  be  observed  if  specimens  larger  than 
16  by  16  inches  were  tested.   The  results  of  this  test  series  indicate 
that  the  supporting  power  of  the  bituminous  concrete  for  these  test 
conditions  may  be  estimated  from  the  compression  tests  en  the  16-  by 
16-inch  specimens. 
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A  stated  purpose  cf  this  investigation  was  to  estimate  the  "degree 

of  confinement"  that  might  exist  in  a  bituminous -concrete  overlay.  With 

the  data  that  have  been  developed  from  these  tests  end  the  triaxj  1  tests, 

one  can  make  at  least  an  approximation  of  this  confinement. 

Ctated  in  another  way,  the  problem  appears  to  be  this:   if  a  bitu- 
minous concrete  produces  a  certain  set  of  values  for  cohesion  and  anfle 
of  internal  friction  from  a  triaxial  test,  what  would  be  the  maximum 
stress  that  could  be  appliad  to  this  material  "hen  it  was  in  a  thin  layer 
(thickness  ecuals  radius  of  loaded  area  for  these  tests)  and  loaded 
ever  an  area  that  was  small  relative  t;  th'~  >.-  ■  of  the  mixture?  The 
results  of  the  triaxial  tests  en  contrclled-density  specimens  (Figure 
13)  are  reproduce  in  Figure  28.   Trie  lines  relating  total  stress  at 
failure  to  confining  pressure  h.^ve  been  extrapolated  to  include  the 
maximum  stresses  found  for  the  16-  by  16-inch  specimens.  The  dashed 
lines  in  Figure  23  indicate  the  values  cf  confining  pressure  that 
would  have  to  be  used  in  triaxial  tests  of  the  conventional  type  in 
order  to  produce  the  maximum  stresses  of  730  and  610  psi  that  were 
determined  from  the  tests  en  the  16-  by  16-inch  slabs  two  inches  in 
thickness  compacted  to  li+6  and  1A0  pounds  per  cubic  foot,  and  tested 
with  a  four-inch  diameter  plate.   The  values  of  confininr  pressure 
so  determined  are  196  and  143  psi  respectively. 

These  values  are,  to  this  author,  surprisingly  high.   They  exceed 
the  unconfined  compressive  strengths  cf  the  mixtures,  the  latter  values 
being  estimated  rrom  Figure  23  as  125  and  90  psi,  respectively.   These 
,  results,  however,  appear  to  reinforce  the  hypothesis  of  McLeod  (33)  who 
has  lone  maintained  that  the  confinement  in  a  bituminous  layer  is  at 
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least  e.'  ual  to  its  unconfined  compressive  strength. 

There  are  certainly  many  limitations  to  the  work  reported  in  this 
section  of  the  study  and  one  would  not  generalise  from  these  results  to 
say  that  the  confinement  was  any  given  value.  Only  a  single  thickness 
of  layer  at  3  single  temperature  ^nd  rate  of  deformation  was  tested.   In 
addition,  the  area  over  which  the  load  was  applied  was  not  varied.   Since 
it  is  known  that  these  factors  affect  the  strength  properties  of  a  bitu- 
minous mixture,  further  investigation  would  be  necessary  if  precise  rela- 
tionships were  tc  be  derivea .   In  spite  of  these  limitations,  tne  results 
do  indicate  that,  for  the  test  conditions  used  in  this  study,  the  load 
that  can  be   carried  by  the  relatively  thin  layer  of  bituminous  con- 
crete is  at  least  several  times  the  unconfined  compressive  strength 
of  the  mixture  when  tested  at  the  same  temperature  and  rite  of   deforma- 
tion. 
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Strength-Ratc-Temperature  Tories 
In  analysing  the  results  of  unconfined  compression  tests  en  sheet- 
asphalt  mixtures,  '-ood  (6?)  found  that  the  relationship  between  the 
maximum  unconfined  compressive  stress  and  the  variablas  of  temperature 
and  rate  of  loading  appeared  to  be: 

(Cx2  4  D) 

where  xQ  =  maximum  unconfined  compressive  stress 
Xj_  =  rate  cf  deformation 
x-,  =  temperature 
A,  3,  C,  D  =  constants 
He  made  use  of  logarithmic  transformations  to  obtain  a  linear  equation 
and  analyzed  his  data  by  multiple  linear  regression  obtaining  an  sstima- 
tion  equation  which  related  the  variables. 

Since  it  was  a  purpose  of  this  investigation  to  discover  whether 
this  form  of  relationship  exists  for  bituminous  concrete,  the  results 
from  the  Strength-Rate-Temperature  Series  (Table  10)  on  laboratory 
compacted  specimens  (specimens  formed  by  double-plunger  compaction  and 
core  specimens  from  vibrated  slabs)  were  analyzed  in  a  manner  similar 
to  that  used  by  '.'ood.   The  first  step  in  the  analysis  was  to  transform 
equation  1  into  a  form  that  would  lend  itself  to  multiple  linear 
repression.   By  taking  the  logarithm  of  both  sides  of  this  e<  uation 
twice  one  obtains  an  equation  which  may  be  expressed  as  follows: 

log  log  Xq  =  A'  4  B:  log  x;  4  3'  x?   +  D«  x2  log  X]  c  a  „ 
where  A',  B',  C  and  D'  are  constants 
This  equation  may  be  used  in  a  multiple  linear  regression  analysis,  the 
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factors  contributing  to  the  transformed  x    being  the  log  of  the  rate  of 
deformation  (log  3^),  the  temperature  (x2),  and  an  interaction  or  product 

term  having  the  form  temperature  times  log  rate  of  deformation  (x?  log  x, ), 
•;ood  used  this  model  md  found  it  to  be  one  vhich  would  fit  his  data  very 
well.   This  writer  on  looking  over  Wood's  data,  and  after  preliminary 

ilculati  -is  cf  his  own,  decided  that  the  purpose  at  hand  would  probably 
be  '-  '     V13i    --s   well  hj  omitting  the  third  terrr.  in  the  equation  and 
working  with  the  form: 

log  log  xc  =  \*  i  3'  log  x,  +  C»  x2 3 

which  may  be  rewritten 


Y  =    >*   +3'   X,    +  C   x2. 


in  wh  Lch 

Y  =  log  lug  x  .  or  log  ] og  maximu  1  coi  oressive  strength, 

X-j  =  log  1000  xj  or  log  1000  rate  of  deformation,  the  factor  of 
100C  being  inserted  to  avoid  n  rtive  logarithms 

,-.-=   temj  srature 

A' ,  B',  C  =  constants 

The  calculations  for  the  multiple  linear  regression  analyses 
''  r  the  mean  strengths  (lbs.)  of  core  specimens  and  the  double-plunger 
compacted  specimens  are  shown  in  Tables  13  and  L+.  The  data  on  rate 
of  deformation  were  coded  by  multiplying  each  value  by  100C  in  order 
to  avoid  negative  logarithms.   Since  there  is  .serj  correlation  between 
temperature  and  rate  of  deformation  and  only  two  terns  involving 


The  theory  of  multiple  regression  and  the  methods  of  calculation 
that  one  may  use  to  obtain  an  estimation  equation  are  included  in  many 
textbooks  on  statistics  (5,46).  In  addition,  Wood  (6?)  gives  a  brief 
description  of  the  method  no  used  to  obtain  his  estimation  ecuatiens. 
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Table   13 

Multiple  Line    r  ression    Vu a lysis   and    Regression  Equation 

for 
I      or3tory-Coiapacted  (Vibrated)    "cres 


.'•  i -:ima-n  Y                       X                        x 

Compressive   _  ~1 -° 

Strength ,  log  -log         log  lOOOxR/ite     Te;        \Tture 

, ?:--:iS.s         Strength  _  o_f  Deformation         °  F 

1  13  60  5  O.6I63  2.301  1,0 

2  3%5  0.5553  2.303  90 

3  :  :30  .        .  2.301 

?57S  0,  5947  1,302  /,0 

5  .  )0  0.5412  1.301  90 

. n    -    6 930 QjdJ19 lsJPJ UP   

Sums  2Ty  31355  3.<743  10.306  540 

;•:•  ans v      5226  0.5457 1.301 90 

ivy  I08O2344  5.92436/4  282.4520 

zvi,  20.96161  972. 5J 

_        *vi. 5-^,600 

i. 7"6?40  5.39701/  294. £  *7< 

ru^y  19.46161  72.540 

-X. t.ysoc 

i^s  of       scvv)  0.015504        0.027350  -12.235 

Squires  and  5W*,)  1.5000  .000 

3ums  of   Prod,        3Wt,)  „___ 10.0QC 

"        r2  1.0       0.0322        : .  ■  55 

2         YY  r  1.0000      0.1795         -0.9825 

r  s     -  -  -  -„-  --------------------------- 

Vx_r                                                                     1.0000  ,.  1X0 

r's  ^t 1.0000 C^OQOQ  . 

r2  1.0000 

Vx2  1.0000 

r  

Regression  Equation: 

A 


Y  -  0.5457  +  0.0132  (X2-  l.*Cl)   -  0.001  !   U2  -  90) 


for  which        2 

R  =  0.0322  *  0.96>5  =  0.9977 
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Table  14 

Multiple  Linear  Regression  Analysis  and   Regression  Equation 

for 
Laboratory-Compacted  (Double-Plunger)   Specimens 


r 

I  aximum 
lompressive 
Strength , 
Pounds 

V 

h 

X 

log  log 
Strength 

.log  lOOOxHate 
of  Deformation 

•    ierature 

0  ? 

1 

2 
3 
k 
5 
n  =  6 

21290 

5005 
1610 
10750 
2950 
1050 

C.6363 
C  „  5c  51 
0.5061 
0.6054 
0 . 540J 
0.4802 

2 .  301 
? .  301 

: .  301 
1.301 
1.301 
1.301 

40 
90 

140 
40 
90 

HO 

Sums 
Means 

V 

42655 

710? 

3.336/, 
0.556] 

10.306 
] .  301 

540 
90 

I  VX, 

1.372778 

6.051156 
'■'•  .  :616] 

287.5060 

.  -400 
58.600 

-n. 

1.355261 

0.  X  '  556 
19.A61606 

3OO.276O 
•     .5400 

1. 3 ,  600 

Sums   of 
Squares   and 
Sums  of  Frod. 

S(VY) 
S(Vx,) 

s(  ;x9) 

0.017517 

0.042300 

1 . 5000 

-12 0 770 
0.0000 
10. COO 

9 

r^ 
VY 

r 

1.0000 
1.0000 

0.063] 
0j26l0 

.  -5C9 

! 

2 
r     s 

and 

r2 

1.0000 

i;oooo 

C.0000 

0.0000 

r '    s 

0 

r" 
7x„ 
^r 

1.0000 

]  .  -000 

Regression  Equation: 


Y  =  0.5561  4  0.0232   (Xjl  -  1.301)   -  0.0013   U2  -  90) 


for  which 


a  =  0.061  4  0.9309  =  0.9990 
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variables  on  the  right-hand  side  of  equation  .,  the  calculation  of  the 

estimation  equation  becomes  simple.  The  regre  Lon  equations  appear  in 
Tables  13  and  14. 

\   squared  multiple  correlation  coefficient  (R  )  was  computed  for 
each  analysis  and  is  reported  in  Table  13  for  the  core  st  ,'•      nv.   cut 
from  slabs  formed  by  vibration  and  in  Table  1/,  for  the  double-plunger 
compacted  specimens.   Strictly  defined  P."  is  "the  proportion  - r   the 
sum  of  squares  of  the  dependent  variable  which  is  explained  by  the 
multiole  regression  aquation"  (ho).      In  perhaps  less  precise  terms,  R? 
is  that  proportion  of  thr  variation  in  the  data  that  can  be  ?;ccr.unted 
for  by  the  multiple  regression  equation.  This  means  that  in  each  of 
the  two  an  lyses  presented,  over  99  percent  of  the  variation  in  the 
results  can  be  accounted  for  by  the  equation  to  w}  i  !.  .he  data  have 
been  fitted.  This  would  seem  to  be  an   indication  that  the  model  chosen 
by  Wood  and  used  r.erein  (with  slight  modification)  is    aod  one  i 
only  for  sheet-asphalt  mixtures  but  also  for  bituminous  concrete  tested 
in  the  manner  iescril  2d  for  the  tests  discussed  in  this  section. 

The  two  regression  eouations  themselves  in  similar.   It  c  m  !  e 
seen  that  the  mean  strength  for  the  cores  was  lower  than  that  for  the 
double-rlunger  compacted  specimens  (5226  pounds  versus  7109  pounds)  and 
this  is  no  doubt  due  to  the  method  of  compaction.  However,  when  one 
compares  the  coefficients  of   the  x„  (temperature)  terras,  wl  ich  ore  the 
ones  which  contribute  the  most  toward  the  total  value  of  Y,  they  can 
bo  seen  to  be  almost  identical  (0.0012  vs.  0.0013).  This  is  no1 
case  .Cor  the  coefficients  of  the  X-,  (rate  of  loading)  terms  which  are 
0.0182  'aid  0.0282.  These  results  indicate  that  the  differences  in  strength 
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between  specimens  made  by  the  two  methods  of  compaction  are  related  to 
the  rate  of  deformation.   This  nay  he  a  point  which  is  worthy  of  further 
investigation. 

From  these  observations  one  may  state  that  equation  1  '    satis- 
factory model  for  relating  the  strength  of  a   bituminous  mixture  to  the 
variables  of  temperature  mi  rate  of  deformation  tnd  that  changes  in 
rate  of  riefcrmation  influence  the  strength  obtained  from  -i   core 
(vibrated)  specimen  to  a  somewhat  lesser  extent  than  a  corresponding 
change  for  a  double-plunger  compacted  specimen.   The  strength  values 
for  both  types  of  specimens  appear  to  be  influenced  by  temperature 
to  the  same  extent. 

The  differences  in  the  amount  of  total  deformation  at  failure 
betv/een  the  core  specimens  and  double-plunger  compacted  samples  (Table 
10)  is  further  evidence  that  the  method  cr  compaction  is  an  important 
factor  in  laboratory  tests  en  bituminous  mixtures.  No  conclusions  were 
drawn  from  these  results,  but  it  is  suggested  that  further  studies 
might  investigate  the  possibility  of  developing  failure  criteria  for 
bituminous  concrete  based  on  a  limiting  strain  concept. 
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Marshall  Comparison^  Seri e s 

The  2-farshall  comparison  series  was  conducted  to  see  if  some  lirht 
could  be  cast  on  the  matter  of  differences  in  deformation  properties 
between  samples  made  by  three  methods  of  compaction.   The  results  (Table 
11)  show,  as  did  the  results  shown  in  Table  10,  that  specimens  made  by 
vibrational  compaction  differ  with  respect  to  strain  properties  from 
specimens  made  by  double-plunger  compaction  or  by  Marshall  compaction. 
Since  deformation  characteristics  appear  to  be  an  important  property 
of  a  bituminous  concrete,  any  laboratory  test  which  is  to  be  used  fcr 
mixture  design  should  reflect  strain  characteristics  similar  in  magni- 
tude to  those  which  would  be  obtained  for  the  mixture  when  placed  by 
rolling. 

There  is  no  evidence  in  the  dittt  to  show  that  the  vibrational 
method  of  compaction  is  more  closely  allied  to  compaction  by  rolling 
than  double-plunger  compaction,  but  the  author  believes  from  observa- 
tions that  this  may  be  the  case.   In  ariy   case,  knowing  that  different 
•methods  of  compaction  may  rive  rise  to  different  strain  properties,  one 
might  nuestion  the  practice  of  taking  pavement  cores,  testing  them  by 
the  Marshall  method,  and  then  using  criteria  ''or  satisfactory  flow  values 
that  were  developed  from  laboratory-compacted  speciner;  test  results. 
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DISCUSSION  SF  RESULTS:   PAVUffiNT  GORES 
'Two  t3rpes  of  laboratory  tests  '-/ere  conducted  on  pavement  cores. 
These  v/ere:  2)  a  series  of  compression  tests  en  4-inch  diameter  cores 
of  three  different  heights  at  various  temperatures  and  rates  of  deforma- 
tion and  b)  repeated  load  tests.   The  tests  results  have  previously  been 
given  in  tables  and  charts.   In  this  section,  the  results  cf  these  tests 
are  discussed  with  emphasis  being  given  to  the  significance  of  the  find- 
ings. 

Strength- Rate-Ismpe r^ture  Series 

The  same  type  of  multiple  linear  regression  analysis  that  was 
discussed  and  described  in  the  suction  "Strength-Rate-Temperature  Series" 
under  the  major  heading,  DISCUSSION  OF  RESULTS:  LABORATORY  COMPACTED 
SPECIMENS  was  applied  to  the  results  of  the  compression  tests  of  the 
pavement  cores.   Li  the  present  case  three  separate  analyses  were  made, 
o.-ie  for  each  of  the  three  core  thicknesses.  Since  the  compression  tests 
were  performed  at  three  iifferent  rates  of  leformation,  the  analyses 
for  th  pavement  cores  extend  over  a  wider  range  of  rate  of  deformation 
than  did  the  analyses  for  the  1  boratory-compacted  specimens. 

The  same  general  model  was  us  id  for  the  regression  analyses;  that 
is, 

Y  =  A"  -f  B»  X,  +  C»  x2 4 

where  Y  -  log  log  maximum  compressive  strength,  pounds 

Xj=  log  130  x,  rate  of  deformation,  inches  per  minute 

x_-  temperature,  °F 
A1,  B1,  C  -  constants. 
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The  calculations  for  and  the  results  of  the  multiple  linear  re- 
gression analyses  for  the  mean  strengths  of  the  three  core  thicknesses 

Shown  in  Tables  15,  16  and  17.  The  squared  multiple  correlation 
coefficients  (R*-)  were  determined  to  be  0.93,  0.97,  and  0.93  for  the 
2-inch,  3-inch  and  £.-inch  cores,  respectively.  This  again  indicates 
the  general  model  (equation  1  or  equation  U)  derived  by  Wood  is 
one  that  explains  the  relationship  between  the  strength  of  a  bituminous 
mixture  and  the  variables  of  temperature  and  rate  of  deformation.  There 
is  now  evidence  that  the  relationship  holds  for  sand  asphalt  tested 

-■  :  •'.   specimens,  for  1  ibcratory-compacted  T-inch  thick  speci- 
Inous  concrete  marie  by  two  methods  of  compaction,  and  for 
I        -  ■-:■   having  different  compositions  and  thicknesses.  In  addi- 
tion, ill  of  the  .-  "  Li   show  temperature  to  be  the  dominant  fact':" 
in  th  strength-r  -  -   ,  -itur^  relationship. 

The  regress! on  •  actions  derived  and  shown  in  Tables  15,  16,  and 
17  are  similar  to  each  other,  and  to  those  shown  in  Tables  13  nd  1/+.  No 
comparisons  will  be  made  between  the  equations  derived  for  the  labora- 
tory compacted  specimens  and  those  derived  for  the  pavement  ceres  be- 
cause th     positions  of  the  two  types  of  specimens  are  quite  dissimilar. 
Comparing  the  equations  shown  in  Tables  13-17,  however,  shows  that  the 
influence  of  temperature  appears  to  be  larger  for  the  thicker  specimens. 
No  relationship  cf  this  sort  is  apparent  for  the  influence  of  rate  of 
deformation.  As  the  rate  of  deformation  can  be  said  to  account  for  only 
six:  percent  of  the  variation  in  the  results  in  the  cate  of  the  3-inch 
ind  /.-inch  cores  and  fifteen  percent  of  the  variation  in  the  case  of 
the  2-inch  cores,  it  is  not  too  surprising  that  a  trend  is  not  established. 
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Table  15 

Multiple  Linear  Regression  Analysis  and  Regression  Equation 

for 
Two-Inch  Thick  Pavement  Cores 


Maximum 
Compressive 
Strength, 
Pounds 

Y 

h 

fcjj 

log     log 

Strength 

log  lOOOxRate 
of  Deformation 

Temperature 
0  F 

1 
2 
3 
4 

5 

6 
7 
3 

G    =    ! 

IV 
V 

13650 
5350 
3795 

12300 

4975 
2390 
3135 

3710 

1805 

61660 
6351 

0.6305 
0.5760 
0.5533 
0.6117 
0.5678 
D.52S7 
0.5925 
0.5526 

,^128 

.  L2oX 

0.5696 

2.301 
2.301 
2.301 
1.301 
1.301 
1.301 
0.301 
0.301 

Co  301 

40 

90 

140 

40 
90 

140 
40 
90 

140 

Means 

11 . 709 
1.301 

810 

90 

IVY 

IVX, 
I  V  Xz 

2.931485 

6.771846 

21 . 233409 

449.406 
1053.310 
87.900. 

lurv 

2. 919997 

6.669446 
15.233409 

461.376 
1053.810 
72.900 

Sums  of 
Squares   and 
Sums   of  Prod. 

S(VY) 

S(Vx  ) 
S(VxJ 

0.011488 

0.102400 
6.0000 

-11» 970 
0.000 
15.000 

i              - 

VY     rk 

L.0000 
-U0Q0Q  _  _ 

0,1521 

_  _  Q.3.9QG 

.3315 

.  _  _  =  Q.<iU9_ 

and 

r*- 

Vx 

1 
.     r 

1.0000 
1.0000 

0.0000 
0.0000 

r'   s 

r2 
Vx2 

r 

1.0000 
1.0000 

Regression  Equation: 


Y  =  0.5696  4  0.0171  (X,   -  1.301)   -  0.0008  (x?  -  90) 


for  which 


R  =  0.1521  +  0.3315  =  0.9336 


]  : 


Table  16 

Multiple  Linear  Regression  Analysis  and  Regression  Equation 

for 
Three-Inch  Thick  Favenient  Cores 


1     : .  mm 
Compressive 
Strength, 

Pounds 

Y 

xl 

X 

2 

lot"     log 
Strength 

log  lOOOOxRate 
of  Deformati :  t 

■ erature 

* 

1 
2 
3 
4 
5 
6 

7 
3 

n  =  9 

13225 
5770 
2210 

11775 
3660 
I0i  2 

11390 

3500 

990 

0.6295 

0.5753 
0.5243 

0.5519 
0.4797 
0.6032 
0.5495 

0,   ' 

2.301 
2.  301 
2.  301 
1.301 
1.301 
L.30] 
0.301 
G.j.  1 
1  .  J01 

40 
90 

140 
40 
90 

140 
40 
90 

140 

Sums 
Me  ins 

V 

5  -  562 
6507 

5.0.  1 
0.5561 

] 1 . 709 
3.301 

310 

>o 

EVY 

2.807J  «0 

6.605885 

21.233409 

432.  369 
3.310 

'7.900 

cunv 

2.732891 

6.510935 
15.233409 

450.414 
1053.310 
72,900 

Suras  of 
Squares  and 

Suits   of  Prod. 

s(vy) 

3(Vxr) 

0.024589 

6.01 

-13.345 

0.000 

1 r: ,  0' 

r" 
VY 

1.0000 

C  c  1  '610 

0.9124 

9* 

r 

1.0000 

0.2470 

-0.9552 

r     s 
and 
r'    s 

r2 

1.0000 
1.0000 

.    1 
0.0000 

r4- 
Vx 

2r 

1 .0000 
1.0000 

degression  Equati  in: 


Y  =  0.5561  +  0.0158  (I  -  1.301)  -  COG! 2  (x?   -  90) 


for  which 


2 
R  -  0.061U  x   0.9124  -  0.9734 


Table  1? 


Multiple  Linear  Regression  Analysis  and  Regression  -Squati 

for 
Four-Inch  Thick  Pavement  Cores 


en 


M  iximum 

Y 

h 

x2 

Compressive 
Strength, 

log     log 

lop  lOOOxAate 

Temperature 
F 

Founds 

Strength 

r>r  Deformation 

1 

15950 

0.0235 

2.301 

40 

-■ 

4115 

0.5530 

2.301 

90 

3 

1415 

0.4984 

2.301 

140 

k 

9330 

0.5990 

1.301 

40 

6 

660 

C.4502 

1.301 

140 

7 

9100 

0.5976 

0.331 

40 

8 

2400 

0 . 5239 

C .  Jul 

90 

n  =  9 

600 

0./.43* 

0.301 

140 

Sums 

XV 

46335 

U.  >352 

11.709 

310 

I!  jans 

V 

5148 

-.5372 

1.301 

90 

IVY 

2.o30901 

6.A00195 

413.7330 

I\/v 

21.2  33409 

10  53.310 

rvi, 

37.900 

2.59768/, 

6.290595 

435.1c>3 

IUJS/ 

15.233409 

1053.310 

>v 

72 , 900 

Sums  of   S(VY) 
Squares  and   S(Vx-i) 


0.033217 


0.109600 
6.0000 


Sums  of  Frod, 


1 
o 

r  s 
and 
r'  s 


VTr 


2 


1.0000 
1.0000 


0.0027 

0.2504 


*1. 


1.0000 
1.0000 


-21.385 

0.0000 

15,000 


0.9179 

-0.9531 


0.0000 
0.0000 


Vx, 


1.0  ;  0 
1.0000 


Regression  Equation 


for  which 


Y  =  0.5372  +  0.0136  (X   -  1.301)  -  0.J014  (x^  -  90) 

A. 


R     -  0.0627  +  0.9179  -  C9306 
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These  results,  coupled  with  the  result-s  of  the  similar  tests  on 

laboratory-compacted  specimens,  and  with  the  results  obtained  by  Wood 
(67),  appear  to  be  quite  significant.   It  is  believed  that  the  form  of 
relationship  between  the  strenpth  of  a  bituminous  mixture  and  the  vari- 
ables of  temperature  and  rate  of  deformution  has  been  established  over 
a  sufficiently  wide  range  of  test  types  to  give  a  large  measure  of 
confidence  to  its  use. 

Repeated  Load  Test 
If  a  repeated  load  test  is  to  be  of  value  for  the  purpose  of  de- 
sign or  for  the  evaluation  of  the  general  suitability  of  a  particular 
resurfacing  mixture,  it  should  provide  information  concerning  the  plastic 
nature  of  the  mixture  and  a  measure1  of  the  "endurance  limit"  as  Wood 
called  it  (67).   The  first  consideration  given  to  the  results  of  both 
the  slow-  and  rapid-cycle  repeated  load  tests  was  to  determine  the  na- 
ture of  the  relationship  between  cumulative  permanent  deformation  and 
number  of  load  repetitions.   The  first  approximation  to  this  relation- 
ship was  to  test  that  proposed  by  Wood  (67).   He  found  that  for  his 
resiilts,  "...  (a)  plot  of  permanent  deformation  versus  number  of 
load  applications  starts  out  as  a  straight  line  on  a  semi-logarithmic 
plot  in  all  cases.  \t    some  stage,  dependent  upon  the  applied  stress 
and  number  of  load  applications,  the  plot  deviates  sharply  from  the 
straight  line.   The  point  at  which  this  deviation  from  linearity 
occurred  was  selected  as  the  point  of  failure  and  was  taken  as  the 
failure  criterion."  This  method  of  plotting  implies  that  the  under- 
lying relationship  between  cumulative  permanent  deformation  and  number 
of  load  applications  is  of  the  form: 
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k*  =  ax 5 

where  y  =  cumulative  permanent  deformation 

x  =  number  of  load  applications 
k  and  a  =  constants 
Taking  the  logarithm  of  each  side  of  this  equation,  it  may  be  written  in 
the  form: 

y  -   A  +  B  log  x  ....    6 

in  which  A  and  B  are  new  constants,  botn  of  which  involve  k. 

An  index  to  the  plasticity  of  a  given  mixture  would  appear  to  be 
the  slope  of  the  straight  line  relating  cumulative  permanent  deformation 
and  number  of  load  repetitions  or  the  value  of  B  in  equation  6.   The 
value  of  B  is  actually  l/log  k.   Thus,  it  may  be  said  that  equation  5 
contains  the  elements  needed  to  provide  information  concerning  the 
plastic  nature  of  a  bituminous  mixture.   Furthermore,  if  the  equation 
truly  represents  tl»e  relationship  within  the  entire  region  before 
failure,  then  it  is  satisfactory  for  analyzing  the  results  of  repeated 
load  tests. 

For  the  type  of  test,  test  specimens,  and  test  conditions  used 
by  v;ood,  an  analysis  of  his  data  by  equation  6  appeared  to  be  justified. 
This  was  also  the  first  approach  used  in  the  present  study.   However, 
it  soon  became  evident  that  the  relationship  shown  in  equation  6  did 
not  apply  for  the  test  conditions  of  the  present  study.   The  results 
from  several  repeated  load  tests  of  both  the  slow-  and  rapid-cycle 
types  were  plotted  on  semi-log  paper;  these  plots  can  be  seen  in 
Figures  15,  19,  22,  and  25.   All  of  these  plots  show  that  the  data 
points  deviate  from  the  straight  line  established  by  the  first  several 
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cycles.  This  deviation  takes  place  at  a  relatively  small  number  of 

cycles  in  most  cases.   In  addition,  the  deviation  occurs  in  some  cases 
at  rather  low  values  of  cumulative  permanent  deformation  (less  than  0.01 
inches  for  the  case  shown  in  Figure  19).   From  observation  of  the  test 
specimens,  a  serious  Question  can  be  raised  as  to  whether  this  actually 
constitutes  "failure."  If  it  is  not  failure,  then  the  alternative  appears 
to  be  that  for  the  types  and  siaes  of  specimens  tested  in  this  study,  a 
relationship  other  than  that  expressed  in  ecuation  5  is  operating.  The 
whole  question  hinges  on  the  definition  of  failure  and  from  this  author's 
viewpoint  a  specimen  that  has  accumulated  deformation  of  0.01  inches 
and  shows  no  cracking  or  bulging  has  not  "failed." 

Observation  of  the  shortcomings  of  equation  5  to  explain  the  rela- 
tionship with  respect  to  a  failure  criterion  led  to  the  investigation  of 

an  eouation  of  the  form: 

1 
y  =  kxn 7 

where  y  =  cumulative  per  manent  deformation, 
x  =  number  of  load  applications, 

k  and  n  -  constants, 
for  this  purpose. 

Taking  the  logarithm  of  each  side  of  equation  7,  it  may  be  re- 
written: 

»  i 
log  y  =  k  +  n  log  x 3 

where  k1  is  a  new  constant. 

This  equation  is  a  straight  line  on  a  log-log  plot  and  has  an 
intercept  k»  and  a  slope  J  .  This  slope  again  is  suggested  as  an  dndex 
of  plasticity. 
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The  results  of  all  of  the  repeated  load  tests  performed  in  this 
study  were  plotted  to  a  log-log  scale  and  are  shown  in  Figures  16  and 
17  for  the  slow-cycle  tests  and  in  Figures  13,  20,  21,  23,  24,  2b,  and 
27  for  the  rapid-cycle  tests.  Deviation  from  the  straight  lines  is 
suggested  as  a  criterion  for  failure  based  on  observations  of  the  speci- 
mens. 

The  slopes  of  the  straight  lines  derived  from  the  log-log  plots 
of  the  rapid-cycle  test  results  were  computed  and  these  are  shown  in 
Table  18.   There  is  a  considerable  amount  cf  variation  in  the  slopes 
and  one  may  not  say  from  these  data  that  the  slopes  produced  by  tests 
on  4-inch  cores  are  any  different  from  those  produced  by  tests  on  3- 
inch  or  2-inch  cores.   The  plastic  nature  of  the  bituminous  concrete 
binder  and  surface  mixture  of  which  these  cores  were  composed  may  be 
about  the  same  for  the  combinations  of  layer  thicknesses  tested.   In 
fact  this  is  what  these  results  show,  but  the  number  of  tests  is  small 
and  further  studies  may  be  needed.   In  any  case,  it  is  suggested  that 
the  rapid-cycle  test  developed  in  this  study  has  possibilities  for 
providing  an  index  to  the  plastic  nature  of  bituminous  concrete  when 
subjected  to  repeated  applications  of  load. 

Returning  to  the  concept  of  a  failure  criterion,  one  of  the  short- 
comings of  the  repeated  load  tests  is  that  all  tests  were  not  carried  ■ 
out  to  failure.   However,  some  observations  of  a  general  nature  may  be 
made  even  though  a  definite  relationship  between  number  of  cycles  to 
reach  failure  and  the  variables  of  core  thickness,  temperature,  and 
applied  stress  cannot  be  stated. 

The  results,  while  limited  and  at  one  point  somewhat  erratic, 
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Table  13 

Slope  of   Linear  ncrtion  of  Curve  Relating  Log  Cumulative  Permanent 
Deformation  to  Lo^;  Number  of  Lohd   Repetitions 
Rapid-Cycle  Repeated  Load  Tests 


Test 
Temperature 
o_ 


30 


Sp  eci 

Thickness 
Inches 


2 

-. 
2 

4 
2 
\ 


lied 
Stress 
psi 

1  i 
100 
1  50 

150 
: 

100 

100 
150 
150 
200 
200 


Slope 


.32 
.32 
.28 
.... 
.23 


•  - 

.?$ 

.27 

.30 

.28 

.3h 


30 


140 


100 
150 
200 
100 
150 


.36 

.37 
.45 
.27 
.35 


13 ) 
indicate  that  if  the  concept  of  an  endurance  limit  for  a  bituminous- 
concrete  mixture  was  thought  to  be  an  important  one,  the  rapid-cycle  test 
and  methods  of  measurement  used  in  this  study  could  be  used  to  measure 
this  property.   It  would  seem  to  this  author  that  a  test  in  which  the 
applied  stress  was  of  the  order  of  that  expected  in  service  would  be 
more  realistic  than  one  in  which  some  percentage  of  the  ultimate  strength 
of  the  mixture,  for  a  given  set  of  test  conditions,  was  employed. 

It  was  estimated  from  the  graph  of  the  load  cycle  that  was  produced 
by  the  Brush  oscillograph  that  the  rate  of  deformation  that  was  obtained 
in  the  rapid-cycle  tests  was  of  the  order  of  magnitude  cf  0.Z+  inches 
per  minute.   One  may  use  the  regression  equations  shown  in  Tables  15-17 
to  estimate  the  ultimate  strength  of  the  cores  if  they  were  tested  at 
0./*  inches  per  minute  at  temperatures  of  30  and  l/t0°  F.   From  these 
calculated  values  one  can  estimate  what  percentage  of  the  ultimate  stress 
for  this  type  of  test  was  bsing  applied  when  using  contact  pressures 
of  100,  150,  and  200  psi  in  the  repeated  load  tests.   This  is  shown  in 
Tables  19  and  20.   It  can  be  seen  that  some  of  the  values  listed  in 
Table  20  exceed  100  percent.   Evidently  there  is  a  fundamental  difference 
between  the  ultimate  strength  of  a  specimen  tested  at  a  constant  rate 
of  deformation  and  the  ultimate  strength  of  a  specimen  subjected  to  an 
impact  load  such  as  was  applied  in  the  rapid-cycle  repeat -id  load  tests. 

In  summary,  the  rapid-cycle  repeated  load  test  has  possibilities 
of  use  in  bituminous  mixture  evaluation.  Much  more  work  needs  to  be 
done  with  this  test  and  a  possible  extention  of  the  work  performed  in 
this  investigation  is  outlined  in  the  section  on  SUGGTiSTI0N  FOR  FURTHER 
RESEARCH.   It  is  believed  that  the  test  and  the  method  of  analysis  for 
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Table  19 
Estimated   Strengths   of  Two-,   Three-   and   Four-Inch 
Pavement   Cores  for  a  Deformation  Hate  of  0.4  Inches 
per  Minute  and   Temperatures  of   30  and  140°  F 


Cores   Height 
Inches 


;^y 


Ultimate  Strength-psi 


TT« 


I3TT 


2 
3 

4 


758 

6C0 
460 


290 
154 
100 


Table  20 
Estimated   Percent  Ultimate   Strength  of   Pavement   Cores 
Tested   at   a  Hate  of  Deformation  of  0.4   Inches  Per  Minute 


Sore 

Applied 

Percent 

Ulti 

mate 

Stength 

Thickness 

Stress 

30°  F 

140°   F 

Inches 

psi 

2 

100 

13 

35 

ii 

150 

20 

52 

ii 

200 

26 

69 

3 

100 

17 

65 

it 

150 

25 

97 

n 

200 

33 

130 

4 

100 

22 

100 

f 

150 

33 

150 

ti 

200 

43 

200 
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the  results  that  has  been  outlined  contain  the  element  necessary  to 

evaluate  the  plastic  and  load-carrying  characteristics  of  a  bituminous- 
concrete  mixture. 
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SUMMARY 

The  following  is  a  brief  recapitulation  of  the  major  findings  of 
the  study: 

1.  The  results  of  triaxial  tests  made  at  approximately  30°  F  and 
at  a  constant  rate  of  deformation  of  0.02  inches  per  minute  on  specimens 
of  bituminous  concrete  molded  to  unit  weights  of  140  and  1^6  pounds  per 
cubic  foot  showed  that  the  Kohr  rupture  envelope  was  linear  for  a  range 
of  confining  pressure  between  15  and  120  psi. 

2.  Compression  tests  on  specimens  of  bituminous  concrete  two 
inches  thick  and  of  various  sie.es  loaded  over  an  area  of  12.57  sciuare 
inches  (four-inch  diameter  plate)  showed  that  large  increases  in  the  load- 
carrying  c ipacity  of  the  bituminous  concrete  were  obtained  when  the  ratio 
of  the  specimen  area  to  the  loaded  area  was  increased  from  1.0  to  5.1. 
Increase  in  this  ratio  from  5.1  to  9.7  brought  about  an  additional 
increase  in  the  load-carrying  capacity  of  the  two-inch  thick  specimens 
but  less  so  than  that  observed  between  the  results  from  tests  in  which 
the  ratios  were  1.0  and  5.1. 

Finally,  an  increase  in  the  ratio  of  specimen  area  to  loaded  area 
from  9.7  to  20. U   produced  only  a  slight  increase  in  the  load-carrying 
capacity  of  the  two-inch  thick  slabs.   It  was  indicated  from  a  plot 
of  stress  at  failure  versus  the  aforementioned  ratio  that  further  in- 
crease in  the  ratio  would  produce  no  significant  increase  in  the  load- 
carrying  capacity  of  the  slab.   That  is,  that  the  failure  stress 
found  for  the  16  by  lb  inch  specimen  (ratio  =  20. A)  was  relatively 
uninfluenced  by  the  area  of  the  specimen. 

3.  The  average  total  stress  at  failure  for  specimens  of  bitu- 
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rainous  concrete  two-inches  thick  and  16  by  16  inches  in  area,  when  loaded 
over  12.57  square  inches  in  the  center  of  the  specimen  at  a  temperature 
of  about  30  F  and  a  rate  of  deformation  of  0.02  inches  per  minute  was 
610  psi  for  specimens  having  a  density  of  li,0  pounds  per  cubic  foot  and 
730  psi  for  specimens  having  a  density  of  11, b   pounds  per  cubic  foot. 

U.      The  confining  pressures  that  would  be  needed  in  a  conventional 
triaxial  test  performed  at  30°  F  and  0.02  in.  per  minute  to  produce  the 
stress  values  of  610  and  780  psi  determined  as  the  load-carrying 
capacity  of  the  bituminous  concrete  mixtures  in  a  two-inch  layer  were 
estimated  to  be  158  pai  for  the  mixture  compacted  to  a  density  of  1LJ0 
pounds  per  cubic  foot  and  196  psi  for  the  mixture  compacted  to  a  density 
of  1/+6  pounds  per  cubic  foot.  These  values  of  confining  pressure  are 
considerably  in  excess  of  the  uncenfined  compressive  strengths  of  the 
mixtures  indicated  by  the  curves  in  Figure  28  for  the  same  temperature 
and  rate  of  deformation,  the  latter  values  being  90  and  125  psi  respec- 
tively. 

5.   The  deformation  characterists  of  laboratory-compacted  speci- 
mens of  bituminous  concrete  made  by  vibrational  compaction  appeared  to 
be  different  from  the  deformation  characteristics  uf  similar  specimens 
made  by  double-plunger  compaction.  The  average  total  deformation  for 
two-inch  thick,  four-inch  diameter  specimens  compacted  by  vibration 
and  loaded  to  failure  at  80°  F  at  0.02  inches  per  minute  was  0.128 
inches.   The  average  total  deformation  at  failure  for  similar  specimens 
compacted  by  double-plunger  compaction  and  loaded  in  the  same  way 
was  0.07A  inches. 

In  this  regard,  Marshall  test  results  from  vibrated  specimens 
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produced  an  average  flow  value  of  13.2  while  results  from  tests  on  speci- 
mens made  by  double-plunger  compaction  and  Marshall  compaction  produced 
average  flow  values  cf  10.3  and  11.7  respectively. 

6.  A  relationship  between  the  strength  of  a  bituminous-concrete 
mixture  and  the  variables  of  temperature  and  rate  of  deformation  was 
determined  in  this  study  both  for  laboratory-compacted  specimens  of 
bituminous  concrete  two-inches  thick  and  for  pavement  cores  two,  -three, 
and  four-inches  thick.   The  relationship  proposed  by  Wood  (67)  was  found 
also  to  fit  the  results  of  the  tests  performed  in  this  study. 

The  following  summarizes  the  equations  derived  by  multiple  linear 
regression: 

(a)  Laboratory  specimens  compacted  by  vibration 

Y"  -  0.6209  +  0.0132  X1  -  0.0012  x2 

(b)  Laboratory  specimens  compacted  by  double-plunger 

Y  -  0.6223  +  0.0232  X,  -  0.0013  *2 

(c)  Two-inch  thick  pavement  ceres 

Y  -  0.6194  +  0.0171  X  -  0,0008  x 

J- 

(d)  Three-inch  thick  pavement   cores 

Y  -  0.6Z..35  f  0.0158  X2  -  0.001?  x? 
(o)    Four-inch  thick  pavement   cores 

Y  -  0.6393  +  0.0173  \  -  O.OOUx,, 


where  for  all  equations 

Y  -  log  log  maximum  compressive  strength  in  pounds 

X  -   log  1000  x  rate  of  deformation  in  inches  per  minute 

x  -   temperature  in  degrees  F. 
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Ti 


,\ 


is  squared  multiple  correlation  coefficients  (R  )  determined 


'rom  the  regression  analyses  were  found  to  be  0.99,  0.99,  C9#,  0.97, 
and  0.9=5  for  cases  (a)  through  (e)  respectively.  It  is  indicated  that 
in  equation  of  the  rorm 


frv 


\ 


•  +  0 


x  _  A  1 
o 


where  xQ  ~  maximum  compressive  strength 
x-    -  rite  of    Jefomation 
x     -  t«  -..  erature, 
I,   3,  C,   D     -  constants 
^rki:;-    the  ;       ttionsh        I  >twe     i  the   strength  of    i  1  nous  mixture 

and   the   variables  of  temper  ture    -md    'ate  of  deformation  for  o  variety 
of   con    - 

7.      The  results  cf  th<    -  ;;  Jat   d-loari    be;  Ls   indicated  that  for  the 
specimens   of  bituminous   concrete  tested    the   relationship  between  cumula- 
tive  permanent   deformati  >n  and  number  of   Load  repetitions   was  of  the 

1 
y  =  kx  n 

.ere  y  -   cumulative  per     ■  lef    m  »tii 

x  -      .:      >r  of  load  repetitions,  and 
r    -    -  J.:.'.-- 

i  criterion   for   failure  of  a  specimen  of  bitirainous   concrete 
tested  by   repeated   applications  of  load  was  developed  for   the   rapid- 
cycle   repeated   load  test.      For    these   tests,    plots   of  log  cumulative 

.merit    deformation  versus  leg  number  of  lo;>d  applications  was  linear 
for  a  number  of   c;    les.      For    any   specimei  s  .    i1     »o    •  number  of  cycles  . 
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depending  upon  the  temperature  and  applied  stress,  the  plot  deviated  up- 
ward from  the  straight  line.  This  point  of  deviation  is  con: idered  to 

« 
denote  the  number  of  cycles  required  for  specimen  failure. 

9.   The  slopes  of  the  linear  portions  of  the  curves  of  log  cumula- 
tive permanent  deformation  versus  log  number  of  load  applications  were 
not  significantly  different  fcr  any  cf  the  three  thicknesses  of  bitumin- 
ous concrete  cores  tasted  by  the  rapid-cycle  method.   The  average  value 
for  slope  was  found  to  be  0.31, 
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CONCLUSIONS 
Based  on  the  results  of  this  study,  the  following  conclusions  s«em 
justified.  Since  this  was  a  laboratory  study  restricted  in  scope  with 
respect  to  materials  and  methods,  the  conclusions  can  logically  be  applied 
only  to  those  materials,  mixtures  and  methods  actually  used. 

1.  The  load-carrying  capacity  of  a  bituminous  concrete  mixture, 
compacted  into  a  relatively  thin  layer  and  loaded  at  a  constant  rate  of 
deformation  over  a  small  portion  of  the  total  surface  with  a  piste  which 
is  relatively  large  with  respect  to  the  layer  thickness,  appears  to  be 
several  times  greater  than  the  unconfined  compressive  strength  of  the 
mixture  for  the  same  temperature  ana  rate  of  deformation. 

2.  Phe  confining  pressure  that  would  be  needed  in  a  conventional 
triaxial  test  of  bituminous  concrete  to  produce  a  compressive  str 
equal  to  that  for  the  mixture  when  tested  in  a  relatively  thin  layer 
and  loaded  over  an  area  that  is  large  with  respect  to  layer  thickness 
appears  to  be  several  times  the  unconfined  compressive  strength  of  the 
mixture „ 

3.  The  relationship  between  t he  strength  of  bituminous  concrete 
and  the  variables  of  temperature  and  rate  of  deformation  is  of  the  form 


(Cx0  +  D) 

Bx-, 
xQ  =  A  1 


where  x  -  maximum  compressive  strength 
x,  -  rate  of  deformation 


-  Xo  -  temperature  and, 
A,  B,  C,  D  =  constants. 
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-,.      Th         I  '  hit    between   ;uj        '  '        .  •  '      eformation  avd 

number  of  load  repel  [1  Ions   for  the   rapid-cycle   repeated   loa 

■    '.Its }    Ln  the   region  before    failure   of  the  .    appears  to    be  of 

the  form 

y  =  k  x  ~ 

where  y  -  cumulative  permanent    leformation 
x  -  number  of  load   repetitions,  and 

k  and  n  -  constants. 

In  addition,    the    rapid-cycle    repeated  load  L  •  ■!    ap]      rs  to  be   a 
promising  wthod  for  the  evaluation  of  the   plastic  nature   and  endurance 
properties   oJ  ^-aggregate   mixture    . 
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HO 
SUGGESTIONS  FOR  FURTHER  RESEARCH 
It  is  suggested  that  the  rapid-cycle  repeated  load  test  be  studied 
further  to  see  if  it  could  be  developed  into  a  test  method  usable 
for  mixture  design.   Several  variables  could  be  studied  using  s]  ecimens 
made  in  the  laboratory,  but  first  a  series  of  tests  should  be  performed 
to  discover  whether  compaction  by  vibration  or  double-plunger  comr.^ction 
would  best  reproduce  the  structure  obtained  by  rolling.   This  may  be 
done  b   ~cirrto  a  resurfacing  job  in  the  field  and  '!cinr  the  following: 

1.  Gut  cores  from  th^  compacted  binder. 

2.  Obtain  mix  simples  of  the  binder  from  the  plant. 

3.  Kike  samples  in  the  labor atory  to  the  same  density  as  the 
pavement  cores  by  the  two  methods  of  compaction. 

Obtain  and  compare  rapid-cycle  repeated  load  test  results 
for  all  three  sets  of  samples. 

"r.en  the  bet..;;-  method  of  compaction  was  selected  on 3   could 
investigate  whether  the  value  jy  war  an  index  of  plasticity  by  testing 
specimens  of  various  mix  compositions.   At  the  same  time,  one  could 
investigate  the  criterion  fc  r  failure  developed  in  this  study  and 
perhaps  use  the  concepts  of  plasticity  and  endurance  limit  as  aids  in 
mixture  design. 

Finally,  since  this  study  brings  rut  the  fact  th.it  the  size  of 
the  specimen  compared  to  the  loaded  area  has  a  marked  ef fect  on  load- 
carrying  capacity,  this  variable  should  also  be  investigated. 
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Table  21 
Results  of  Repeated  Load  Tests   on  Pavement   Cores 

Slow    Cycle 
Rate  of  Deformation:   0.0?   in.   per  min.,   Temperature:      Approximately  30°   F 


Cumulative  Permanent  Deformation 
Thousandths   of  an  Inch 


Number         4-in.    thick  4-in.    thick  4-in.    thick             4-in.    thick 

of            Loaded   to     '  Loaded   to   75%  Loaded   to    50  >         Loaded   to 

Cycles     Ult.or   2710   lbs  'Jit. or   2710   lbs  Ult.or   ]  30,c   lbs  Ult.or  1305  lbs 

(216  psi)  (216  psi)  (144  psi)               (144  psi) 


1 

16 

2 

24 

3 

23 

4 

32 

5 

6 

37 

7 

3 

40 

10 

44 

13 

15 

56 

17 

20 

25 

30 

35 

40 

50 

, 

32  14  2? 

17  31 

44  19  34 

51  21 

41 

26 

23  U ' 

72  30  51 

54 


34 
37 


56 
61 


3-in.   thick             3- in.   thick             1-in.   thick  2-in.    thick 

Loaded   to   11%         Loaded  to   %'/■         Loaded  to   25%  Loaded   to   25$ 

Ult.or   3750   lbs     Ult.or  250C   lbs     Ult.or  1250   lbs  Ult.or  1510   lbs 

(300  psi)                    (200  psi) (100  psi) Jj/?Q  psi) 

54                               19  10 

12 

65  13 

71                                 23  15 

78                               33  17 

33                                39  19 

37                                 41  21 

91                                44  23 


1 

57 

2 

3 

75 

5 

36 

10 

101 

15 

113 

20 

120 

30 

135 

40 

143 

50 

160 

25 


49 
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Table  22 

Results  of  Repeated  Load  Tests  on  Pavement  Cores 

Rapid  Cycle 
Two-Inch  Thick  Cores  -  30°  F 


Cumulative  Permanent  Deformation 
Thousandths  of  an  Inch 


Number  Applied  Pressure  -  psi 

of 
Cycles  100 150 200 

1  1/2  2  7 

2  13  8 

4  4  9 

5  2 

10  5             10 

15  6             11 

20  12 

25  3 

30  7 

40  14 

50  4            3             16 

75  9             17 

100  5 

125  ^ 

150  6  10  21 

200  12  22 

250  7 

300  13  24 

400  3  1/,  26 

S00  9  23 

600  15 

700  30 

30U  ]  ° 

900  32 

1000  11  17 

1250  12 

1500  -13  13  37 

2000  U  19  39 

3000  16 
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Table  23 


Results  of  Repeated  Load  rests  on  Pavement  Cores 

Rapid  Cycle 
Two-Inch  Thick  "ores  -  140°  F 


1500 
1750 


Cumulative  Permanent  Deformation 

Thou  is   of   an   Inch 


Number  Applied  Pressure  -   r  sj 

.f 
>cles  100  150  ?0Q 


14 

16 

21 

17 

20 

26 

19 

29 

20 

24 

31 

21 

33 

22 

35 

26 

37 

~3 

33 
3? 

24 

30 

40 

• 

35 

45 

23 

48 

30 

51 

32 

43 

53 
53 

35 

46 

51 

61 

39 

70 

42 

56 

77 

'*8 

04 

*4 

52 

96 
103 

60 

79 

123 

-33 

148 

67 

97 

177 
211 
233 

1 

2 

3 
4 
5 
6 

7 

3 

9 
10 
15 
19 
2u 

25 

^0 

35 
40 
50 

70 

75 
100 
1  50 
200 
250 
300 
400 

a  3 
500 
510 

600 

050 

750  92  117 

1000  108 


139  203 

156  265 


2000  175  347 


Table  24 
Results  of  Repeated  Lo^d  Tests  on  Pavement  Cores 

Rapid  Cycle 
Thrse-Inch  Thick  Cores  -  30°  F 


Cumulative  Permanent  Deformation 

Thousandths  op  an  Inch 


Number  \polied  Pressure  -  psi 

of 


Cycles 100 IgO 200 


1  4  16 

2  2 

5  3            4            11 

10  9            5            14 

±2  7  19 

30  14            9            2? 

40  10 

50  17           H            27 

75  32 

100  22           13            35 

200  27           21            46 

300  26 

400  36           27            53 

6X)  65 

42  33 

1000  46          36 

1500  '                             42 

2000  53           43            95 

2300  53 
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Table   2  5 
Results  of  Repeated  Load   Tests   on  Pavement   Geres 

Rapid   Cycle 
Three-Inch  Thick  Cores  -  140     F 


Cumulative  Permanent   Deformation 
Thousandths   of  an   Inch 


Number 

Applied  Pressure  -  psi 

of 

Cycles 

100 

150 

200 

1 

6 

29 

33 

2 

34 

48 

5 

12 

45 

66 

10 

16 

54 

36 

15 

60 

16 

100 

20 

22 

64 

103 

30 

27 

74 

127 

uO 

146 

50 

34 

60 

91 

193 

70 

258 

100 

43 

115 

150 

148 

200 

72 

199 

227 

312 

300 

101 

400 

132 

500 

200 

535 

305 

152 

Table  26 


Results  of  Repeated  Load  Tests  on  Pavement  Cores 

Rapid  Cycle 
Four-Inch  Thick  Cores  -  30°  F 


Cumulative 

Permanent  Deforma 

tion 

Thousandths  of  an  Inch 

Number 

Appli 

3d  Pressure  -  psi 

of 

Cycles 

100 

150 

200 

1 

2 

3 

12 

2 

3 

4 

15 

3 

4 

4 

5 

5 

5 

6 

20 

10 

6 

7 

25 

15 

7 

3 

28 

20 

9 

31 

25 

8 

10 

30 

36 

40 

9 

12 

40 

50 

10 

13 

60 

Uk 

75 

11 

16 

30 

^9 

100 

12 

13 

115 

56 

150 

14 

20 

165 

62 

200 

16 

22 

66 

300 

17 

2U 

400 

19 

25 

500 

20 

27 

V 

600 

23 

700 

29 

715 

21 

97 

900 

23 

31 

1000 

32 

1300 

24 

120 

1500 

25 

1750 

38 

2000 

26 

143 

2515 

160 

3000 

45 

130 

5360 

276 

153 


Table  27 
Results  of  Repeated  Load  Tusts  on  Pavement  Cores 

Rapid  Cycle 
Four-Inch  Thick  Cores  -  l/,0°  F 


Cumulative  Permanent  Deformation 
Thousandths  of  an  Inch 


35 


Number  .-..plied  Fressure  -  psi 

of 


'cles 100 150 200 

1  26  34              34 

2  53 

3  35  46 

5  40  53             73 

6  73 

7  60 

3  39 

10  4?           63 

12  105 

15  54           77            1U 

20  30             134 

23  U7 

26  94            159 

29  174 

30  66  102 

32  191 


211 


38  236 

40  117 

50  78          136 

60  154 

70  176 

75  92 

30  205 

90  259 

100  no 

125 

150  133 

200  132 

250  260 

270  361 


